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Abstract 
Knocking can produce adverse effect on engine performance. When knocking 
combustion occurs inside the cylinder, fuel combustion efficiency decreases, 
fuels do not combust fully, resulting in the improvement of exhaust gas emis-
sions. In addition, knocking causes irreversible damage to the cylinder. There-
fore, it is important to understand the physical phenomena in different parts of 
the engine during a combustion process under different engine operation condi-
tions. It is also important to understand fuels’ physical properties’ effects on the 
physical phenomena inside an engine under various operation conditions. 
In this study, cooperative fuels research (CFR) engine modellings under research 
octane number testing conditions and motor octane number testing conditions 
are built by using Gt-Power software. Those two modelling are employed in or-
der to observe the pre-combustion conditions of spark ignition (SI) engine. The 
temperature, pressure and gaseous mass fraction variations in the intake system 
are simulated with the surrogate of gasoline, indolene. Variations on tempera-
ture, pressure and burnt mass fraction in the engine cylinder are simulated based 
on 19 kinds of fuels with different octane numbers. Density and heat of evapora-
tion (HoV) are main parameters. Density and evaporative heat are mainly pa-
rameters for investigating the impact of fuels physical properties on the physical 
phenomena.  
The simulation results show the variation trend of pressure, temperature and 
gaseous mass fraction in the intake system. Besides, it is revealed by simulations 
that in-cylinder pre-combustion conditions are more severe with higher pressure 
and higher temperature when the octane number of fuels increase. Density of 
fuel has no significant effect on the in-cylinder pre-combustion conditions, while 
heat of vaporization (HoV) of a fuel can manipulate in-cylinder temperature to 
some extent based on simulation results. 
Keywords octane numbers, octane number rating, knocking, CFR engine, pre-
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T  temperature 
p  pressure 
𝑉𝑚𝑎𝑥   the maximum in-cylinder volume 
𝑉𝑚𝑖𝑛   the minimum in-cylinder volume 
E  net energy of a system  
𝐸𝑖𝑛   energy entering to a system 
𝐸𝑜𝑢𝑡  energy leaving from a system 
𝜂  efficiency of an Otto cycle 
𝑐𝑣  specific heat under constant temperature 
𝑐𝑝  specific heat under constant pressure 
γ  specific heat ratio 
ℎ𝑐  heat transfer rate  
B  cylinder bore 
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From 2010 to 2017, the energy consumption for end-use passenger transport increased 
by 38% [1]. In 2017, the end-use passenger transport energy accounted for 19% of the 
total energy consumption globally [1]. 
Back to 2012, the worldwide oil demand was 88.9 million of barrels per day (mb/d). It 
was predicted that the global oil demand would increase to 93.5 mb/d in 2017. And it 
was projected to increase to 94.4 mb/d in 2018 [2]. 
Table 1 Worldwide oil demand predictions made in 2012 (mb/d) [2] 
 
 2012 2013 2014 2015 2016 2017 2018 
OECD 46.0 45.6 45.4 45.2 45.0 44.8 44.6 
Developing 
countries 
37.8 38.9 40.1 41.1 42.2 43.3 44.4 
India 3.7 3.8 3.9 4.0 4.2 4.4 4.6 
China 9.7 10.1 10.4 10.8 11.1 11.5 11.9 
Eurasia  5.0 5.1 5.2 5.3 5.3 5.4 5.4 
World 88.9 89.5 90.7 91.6 92.5 93.5 94.4 
 
However, the actual worldwide oil demand was 97.32 mb/d in 2017 and 98.73 mb/d 
in 2018, both data turned out to be higher that predictions made in 2012.  Moreover, 
the global oil demand was predicted to increase to 104.7 mb/d in 2023 [3]. The oil de-
mand in Asia and Pacific will grow with the fastest rate (by 4.2 mb/d totally). In 
America and Africa, it will rise with a moderate rate. The European oil demand is 













Table 2 Worldwide oil demand growth in 2017 and 2018 (mb/d) [3] 
 
 2017 1Q18 2Q18 3Q18 4Q18 2018 Growth % 
Americas 25.06 25.20 25.40 25.78 25.74 25.53 0.48 1.90 
US  20.27 20.57 20.64 20.93 20.78 20.73 0.46 2.26 
Europe 14.33 13.98 14.23 14.71 14.34 14.32 -0.01 -0.10 
Asia Pacific 8.06 8.54 7.65 7.70 8.08 7.99 -0.07 -0.89 
Total 
OECD 
47.45 47.72 47.28 48.19 48.16 47.84 0.39 0.82 
Other Asia 13.22 13.52 13.84 13.35 13.84 13.64 0.42 3.14 




6.51 6.35 6.48 6.81 6.47 6.53 0.02 0.31 
Middle East 8.20 8.22 7.98 8.43 7.85 8.12 -0.08 -0.98 
Africa 4.20 4.35 4.32 4.27 4.40 4.33 0.13 3.13 
Total DCs 32.13 32.43 32.62 32.86 32.56 32.62 0.49 1.52 
FSU 4.70 4.66 4.65 4.94 5.01 4.82 0.12 2.45 
Other Eu-
rope 
0.72 0.73 0.69 0.73 0.82 0.74 0.03 3.48 




17.74 17.68 18.18 18.32 18.90 18.27 0.53 2.99 




97.32 97.83 98.05 99.38 99.63 98.73 1.41 1.45 
Revision 0.01 0.00 0.04 0.0 -0.02 0.00 0.00 0.00 
 
In Organization for Economic Co-operation and Development (OECD) countries, the 
oil demand decreased by around 4300 kb/d from 2005 to 2014, after that, it jumped by 
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685 kb/d, 460 kb/d and 375 kb/d in 2015, 2016 and 2017 respectively with the recov-
ery of oil price [3]. The demand for gasoline showed similar trend. From 2005 to 
2014, it kept falling in OECD countries, and from 2015 to 2017, it increased by 145 
kb/d [3]. Due to more intensive industry activity and robust trade, the gasoline de-
mand has been strong in recent years [3].  
 
In OECD European countries, the gasoline demand expressed a downward trend in 
long period. It showed an annual decline of 80 kb/d due to the increasing share of die-
sel vehicles and advanced in fuel economy. As a matter of fact, Europe has very strin-
gent standards for fuels and its economy.  Back to 2008, Europe set an emission target 
for passenger fleet in 2015, which was 130 grams carbon dioxide (CO2) emission per 
kilometer. When it came to 2015, the passenger vehicle average CO2 emission in Eu-
rope reduced to 120 g/km [3]. New target for 2021 is even stricter. The required new 
CO2 emission for passenger vehicle target will be less than 95 g/km in 2021, which is 
around 70% of the target achieved in 2015. New CO2 emission target in 2021 means 
an average gasoline consumption of 4.1 l/km. 
Table 3 Oil demand by product in OECD European countries (mb/d) [3] 
 







1.189 1.223 1.230 1.238 1.245 1.250 1254 0.9% 






















1.227 1.211 1.217 1.224 1.229 1.234 1.238 0.1% 
Total 
products  




In the face of increasingly stringent carbon dioxide emission standards and limited 
fossil fuels, improving engine performance is of great importance. For spark ignition 
engines (SI engines) or gasoline engines, knocking is negative to the engine perfor-
mance. Knocking means the self-ignition of in-cylinder end gas.  
Many researchers have done experimental research on SI engines knocking phenome-
non of various fuels. Some fuels completely replaced gasoline combusting in the en-
gine, while others are mixed with gasoline in the combustion chamber before combus-
tion. Mørch et al. implemented experimental tests based on a cooperative fuel research 
(CFR) engine in order to explore the combustion conditions when ammonia and hy-
drogen are mixed in the intake air [4]. Cheng et al. conducted an experimental study 
on the knocking tendency of three isomers of pentane with the presence of a CFR en-
gine [5]. Kolodziej et al. operated the CFR engine with PRF98Alk, PRF71E30 and 
PRF98E30 respectively and compared the engine performance from operation with 
PRF98, in order to understand the combustion reaction mechanism in octane number 
rating processes better [6]. Szwaja et al. did a research on gasoline combustion with or 
without the presence of hydrogen based on a CFR engine. And they compared the 
combustion mechanism in the cylinder of two cases [7]. Juan et al. chose 4 kinds of 
fuels: biogas, natural gas, propane and hydrogen, and operated the CFR engine with 
different equivalent ratio. The purpose was to investigate the influence of equivalent 
ratio on knocking tendency [8]. A series of combustion experiments of synthesis gas 
with different carbon monoxide/hydrogen ratio on the CFR engine were performed by 
Bika et al., so that they could find the knocking ratio limit of synthesis gas [9]. Zhong-
yuan et al. mixed nitric oxide in the intake air for the purpose of the relevance between 
nitric oxide and the knocking tendency. In order to optimize the homogeneous charge 
compression ignition (HCCI) combustion performance [10]. Truedsson et al. tested 
with 40 kinds of fuel with the CFR engine [11]. A research related to combustion 
characteristics of primary reference fuels (PRF), toluene reference fuels (TRF) and 
ethanol was done by Hoth et al. [12]. Apart from those mentioned fuels above, lique-
fied petroleum gas (LPG) attracts many researchers’ attention as well. For example, 
Morganti et al. took a research on the autoignition of hydrocarbons with 3 or 4 carbon 
atoms in a CFR engine, which are main components of LPG [13]. However, LPG is 
not a liquid fuel, it is a challenge to apply conventional octane rating on LPG directly. 
Morganti et al. created a mode, defining the CFR engine so that conventional octane 
rating can be conducted on LPG as well [14] .  
 
In addition to experimental research, many researchers carried out numerical simula-
tion studies on knocking by building single or multi-dimensional modellings. Choi et 
al. built a single-dimensional CFR engine modelling using GT-Power. The simulation 
results were further validated with three pressure analysis [15]. Salih et al. built 1-D 
CFR engine modelling with GT-Power, with a modified laminar flame model in the 
cylinder [16]. Pal et al. made a 3-D modellings about the CFR engine to investigate 
the exact knocking mechanism [17] [18]. Westbrook et al. predicted several kinds of 
fuels’ octane number with a chemical kinetic reaction modelling [19]. Morganti et al. 
developed a modelling to acquire fundamental understanding of LPG combustion 




These studies focus on the specific chemical reactions that occur after ignition in the 
combustion chamber. To some extent, these studies explain the fuel chemistry that in-
fluences the detonation. However, the research on the relevance between knocking 
tendency and fuels’ physical properties is relatively rare. Moreover, these studies con-
centrate on the in-cylinder post-ignition combustion stage, that is, the combustion 
stage in which the knocking is likely to occur.  In this work, pre-combustion condi-
tions in the intake system and cylinder on different timings are focused on. 
 
In this work, parameters about intake system, cylinder and exhaust system of the 
Waukesha F1/F2 CFR engine were collected from several academic sources. Those 
parameters were further verified with one reference. Based on the collected data, two 
one-dimensional CFR modellings was built with GT-Power V2019. Those two 1-D 
modellings strictly cope with the American Society for Testing and Materials 
(ASTM) standards testing conditions of D2699 (for research octane number) and 
D2700 (for motor research number). After that, those two modellings ran with pri-
mary reference fuels, the modelling results were validated with experimental meas-
urement results from references. After that, representative in-cylinder curves are re-
vealed by simulations, together with the condition variations in the intake system. 
Then, to get the relationship between the combustion conditions and the octane num-
ber of the fuel, the two modellings ran 19 different types of fuel. Finally, effects phys-
ical properties of the fuel (density and heat of vaporization) on in-cylinder conditions 
are analyzed based on simulation results based on indolene. 
 





2.1 Gasoline  
 
Gasoline is the product of fractionation, cracking, or cracking of petroleum. It is a 
mixture of hydrocarbons in the form of liquid, and it can be utilized as fuel. Gasoline 
is a colorless liquid, but in order to distinguish between the gasoline with different oc-
tane numbers, color additives are added to gasoline. Gasoline has a special smell. It is 
easy to volatilize and can be ignited easily. 
2.1.1 Brief History of Gasoline 
 
The history about gasoline always relates to two topics: how to improve the engine 
performance and how to make gasoline more environmental-friendly.  
Back to the late 19th century, two kinds of oil widely drove automobile. One is the oil 
distillated from the coal tar. The other one was lighter fraction products from the 
crude oil distillation process. Joshua Merrill is believed as the first person who suc-
cessfully separates gasoline, and it was utilized for lighting at that time [21]. Gasoline 
was used also in Nicolaus Otto’s first 4-stroke cycle engine in 1876 [22]. 
By the late 19th century, refiners produced gasoline by distillation from crude oil. 
However, there were no standard testing methods, specifications or quality indicators 
for gasoline until early 20th century. In the 1920s, initial testing methods on gasoline 
were introduced. At the same time, automotive engine performance enhanced dramat-
ically, requiring gasoline with higher quality. To meet more requirements, refiners 
and engineers developed new testing techniques, specifications and distillation pro-
cesses. Those developments resulted in higher-quality gasoline and higher content of 
octane in gasoline. After that, several processes were developed to improve gasoline 
specifications in terms of octane, volatility and cleanliness.  
During the 1930s, fixed bed cracking process significantly increased octane content. 
According to the octane test conditions of that time, gasoline with higher content of 
octane was considered as advanced gasoline. During World War II (WWII), some up-
grades enabled gasoline with better alkyl lead response and lower sulfur content. Be-
sides, the term of “performance number” occurred. “Performance number” means the 
increased percent power obtained above the baseline of isooctane.   
From 1920s to 1950s, alkyl lead (tetraethyllead or methyllead, short for TEL) was al-
ways a popular additive to gasoline in order to boost the octane rating.  Almost all 
gasoline in North America was with alkyl lead back to WWII period. At the period 
around 1960, deterioration of attracted people’s attention. An area with denser popu-
lation tended to be with worse air quality. Researchers identified NOx, CO, unburnt 
hydrocarbons and their products after sunlight photochemical reactions as contami-
nants. Besides, the concentration of those pollutants related to driving cycles, sunlight 
intensity, local geography and wind patterns. [22] In 1966, automobile emission 
standards were firstly put in place in California. After that, the American Federal 
passed national automobile emission standards in 1968. [22] Those regulations were 
targeted on the reduction on unburnt hydrocarbons and carbon monoxide emissions. 
In 1985, regulations targeting on alkyl lead (mainly TEL) were introduced. From that 
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time, lead gradually faded away from gasoline. The last regular gasoline with lead 
was sold in 1990 in North America. [22] 
2.1.2 Gasoline Components  
 
Hydrocarbons 
Gasoline consists of more than five hundred hydrocarbons. The number of carbon at-
oms in these hydrocarbon molecules is between four and fourteen. Hydrocarbons with 
molecular carbon number less than or equal to three have strong volatility. Hydrocar-
bons with more than 14 carbon atoms are heavy and less volatile. Besides, these large-
molecules hydrocarbons tend not to combustion completely in the combustion cham-
ber, resulting in high emission of unburnt hydrocarbon and soot issues [22]. 
Saturated hydrocarbons 
The chemical properties of saturated hydrocarbons are very stable. Cycloalkanes, al-
kanes or paraffins are saturated hydrocarbons. Hydrogen atoms cannot be added to the 
carbon chain of saturated hydrocarbons, but they can be displaced at extreme condi-
tions like high temperatures and pressures. Saturated hydrocarbons are less soluble in 
water and produce carbon dioxide and water after completely combustion.  
The chemical structure formula of alkanes can be summarized as 𝐶𝑛𝐻2𝑛+2, thus, the 




𝑂2 =  𝑛𝐶𝑂2 + (𝑛 + 1)𝐻2𝑂 (2.1) 
Methane, ethane and propane only have one structure respectively. However, alkanes 
with four or more carbon atoms can have various structure, this fact is described as 
structure isomerism. For linear alkanes, carbons are arranged on one line. For 
branched alkanes, the carbon backbone extends to different directions. For example, 
isomers of pentane are normal pentane (n-pentane), isopentane and neopentane.  The 
density of alkanes is always less than 1 kg per cube meter. Under atmospheric condi-
tions, alkanes with less than 5 carbon atoms are gaseous, alkanes with carbon atom 
number from 5 to 16 are liquid. And those alkanes with more than 16 carbon atoms 
are solid. The melting point and boiling point of alkanes increase with the increase of 
molecular weight. Besides, for alkanes with the same carbon atoms, the more 
branches a alkane molecular has, the lower the boiling point will be. [23] 
 
Unsaturated hydrocarbons 
Unsaturated hydrocarbons are hydrocarbons containing unsaturated chemical bonds 
such as double covalent bonds or triple covalent bonds between two carbon atoms. 
Alkenes, alkynes and the aromatics are unsaturated hydrocarbons. Hydrogen atoms 
can be added on those unsaturated chemical bonds, so that unsaturated hydrocarbons 
will be “saturated”. In an aromatic molecular, the covalent bond between adjacent car-
bon atoms is a special covalent bond between a single and a double bond, and hydro-
gen atoms can still be added on the carbon ring. Similar to saturated hydrocarbons, 
unsaturated hydrocarbons can have isomers as well. [23] Alkenes, alkynes can be ex-
pressed as 𝐶𝑛𝐻2𝑛 and 𝐶𝑛𝐻2𝑛−2 respectively. They produce 𝐶𝑂2 and 𝐻2𝑂 after com-










𝑂2 =  𝑛𝐶𝑂2 + (𝑛 − 1)𝐻2𝑂 (2.3) 
Aromatic hydrocarbons  
Aromatic hydrocarbons have benzene ring structure in the molecule. Aromatic hydro-
carbons are insoluble in water, but soluble in organic solvents. Generally, aromatic 
hydrocarbons are lighter than water. The boiling point increases with the relative mo-
lecular weight. The melting point is related not only to the relative molecular weight, 
but also to the structure. 
 
2.1.3 Additives for Gasolines 
 
There are several kinds of additives to gasoline. Those additives could improve the 
performances of gasoline in terms of preservation, transportation and combustion.  
 
Table 4 Gasoline additives and purposes [24] 
 
Additives  Chemicals Purposes 
Antioxidants  Aromatic amines, hindred phe-
nols 
To prevent reaction between 
alkanes and oxygen in air 
Corrosion in-
hibitors 
Carbonxylic acids and car-
bonxylates  
To decrease the tendency 
of transportation pipes corro-
sion from free water in gaso-
line  
Demulsifiers  Polyglycol To stop the formation of emul-
sions  
Anti-icing  Surfactants, alcohols and gly-
cols 
To stop the formation of ice in 
the carburetor and fuel system  
Dyes and 
markers  
Solids or liquids which are sol-
uble in gasoline  
To make various kinds of gas-
oline distinguishable visually   
Drag reducers  Polymers with high molecular 
weight  
To enhance the fluid flow 
characteristic of petroleum 
products with low viscosity  
 
2.1.4 Physical Properties of Gasoline  
 
EN228 gasoline properties standard in a nutshell  
The European Union (EU) implemented a series of improvements on fuel quality in 
the past decades. Those improvements enabled achievements of less exhaust emission 
and more stringent emission standards. With those strict emission standards, the sulfur 
content, for example, has declined a lot. [28] 
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The standard of gasoline quality was firstly introduced in EU back to 1993. However, 
at that time, this standard was not mandatory. After that, in 1998, compulsive fuel reg-
ulations were firstly set. Further revision of fuels properties regulations were made 
gradually after the initial version was set. And in 2009, it's worth noting that there was 
a low-carbon fuel regulation added to the original regulations. From that time, the 
EN228 gasoline properties standard in EU aims at not only the reduction of exhaust 
emissions, but also the decrease of CO2 emission. The following table express the de-
tailed limits data of each single parameter of gasoline in 2008. [28] 
 
Table 5 EEN228 Gasoline properties standard in 2008 [29] 
 






 95  
Motor octane number  85  
Vapor pressure in 
summer 
kPa - 60 
Distillation  46.0  
percentage evaporated 
at 100 degrees 
volumetric percentage 75.0  
percentage evaporated 
at 150 degrees 
volumetric percentage - 18 
Density at 15 degrees kg/m3 720 775 
Hydrocarbon analysis   1 
Olefins volumetric percentage - 18 
Aromatics volumetric percentage - 35 
Benzene volumetric percentage - 1 
Oxygen content %m/m  3.7 
Oxygenates    
Methanol volumetric percentage  10 
Ethanol volumetric percentage  12 
Iso-propyl alcohol volumetric percentage - 15 
Tert-butyl alcohol volumetric percentage - 15 
Iso-butyl alcohol volumetric percentage - 22 
Ethers containing five 
or more carbon atoms 
per molecular 
volumetric percentage - 15 
Other oxygenates volumetric percentage - 15 
Sulphur content mg/kg - 10 
Lead content g/L - 0.005 
 
Auto-ignition temperature  
Auto-ignition temperature is the lowest temperature at which the process of heat-gen-
eration from combustion is faster than the process of heat-loss to air.[7] It is impossi-
ble for fuel-air mixture to combust continuously below the ignition temperature unless 




Fuels can combustion self-sustainably when the air-to-fuel ratio ranges between the 
upper flammability limit (UFL) and the lower flammability limit (LFL) at standard 
temperature and pressure conditions.  Alternations of temperature and pressure cause 
alternations of those two flammability limits.  
With the increase of the air-fuel mixture temperature, the UFL increases and the LFL 
decreases. Or in a word, higher mixture temperature widens the flammability limits 
range. As the pressure of the air-fuel mixture declines, the flammability limits range 
narrows with the upper limit declining and the lower limit rising. When the pressure 
goes higher than the atmospheric pressure, the flammability limits range widens with 
the lower limit remaining relatively stable. [27] 
The ignition temperature and flammability limits measure the ignition property 
of fuel.  
Heating Value 
Heating value is as called as caloric value or heat of combustion as well. It represents 
the thermal energy released during the combustion process of certain amount of a 
combustible substance. There are two types of heating value. One is higher heating 
value (HHV), the other one is lower heating value (LHV). Higher heating value con-
sists of the thermal energy released during a complete combustion during with all 
products from this complete combustion process are brought to initial pre-combustion 
temperature, and the thermal energy from condensation of produced vapor. As for 
lower heating value, the thermal energy from condensation of produced vapor is not 
included. This treats any formed water as vapor. Thus, the relation between HHV and 
LHV can be concluded as: 
𝐻𝐻𝑉 = 𝐿𝐻𝑉 + 𝑙𝑎𝑛𝑡𝑒𝑛𝑡 ℎ𝑒𝑎𝑡 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 𝑣𝑎𝑝𝑜𝑟 (2.4) 
Density 
The density of gasoline is the ratio of its mass to its volume at a given temperature. 
Generally, the density of gasoline is lower than water’s density. According to 
EEN228 standards, at 15C, the density of the gasoline ranges between 720 and 775 
kg/m3. The density of the gasoline is strongly related to the energy content. Higher 
density means more combustible substances at the same volume of a fuel.  
Volatility related properties  
Vapor pressure, distillation temperatures, driveability index and vapor-liquid ratio are 
gasoline’s properties related to volatility.  The vapor pressure of a substance, also 
called as the saturated vapor pressure, is the pressure at which the equilibrium be-
tween the gaseous phase and the non-gaseous phase is achieved [25].  Temperature 
can indicate the volatility of a substance. For example, temperatures at which respec-
tively 10 volumetric percent (v%), 50 volumetric percent and 90 volumetric percent 
of gasoline evaporates are utilized to measure the gasoline volatility. Those tempera-
tures can be expressed as 𝑇10, 𝑇50 and  𝑇90, defining another one index indicating 
the gasoline volatility: driveability index (DI). Driveability index was created by the 
ASTM Driveability Task Force. [25] Driveability index is expressed as [25]: 
𝐷𝐼 = 1.5 × 𝑇10 + 3 × 𝑇50 + 𝑇90 (2.5) 
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At certain temperatures, the vapor-liquid ratio in critical parts of the fuel system can 
express gasoline vaporization tendency as well. [25] 
Higher vapor pressure and low 𝑇10 are beneficial to ease of cold starting. They could 
contribute to vapor sealing and vapor formation in the fuel system under high temper-
ature operation. Thus, adjustments to vapor pressure and 𝑇10 of gasoline according to 
temporal conditions in a year are necessary in order to keep satisfying engine perfor-
mance.  
When fuel changes its state from liquid to gas in the fuel delivery system, it can de-
crease the feed pressure to carburetor or fuel injection system. Due to the loss of feed 
pressure, temporal power loss or even stalling may occur. This kind of problem is de-
fined as vapor locking. Under the locking conditions, vapor pressure alone is not a 
good index indicating gasoline volatility tendency. The temperature at which vapor-
liquid ratio is 20 under atmospheric pressure condition, is a better index of gasoline 
vapor locking performance. With lower temperature at which vapor-liquid ratio is 20, 
vapor locking related issues tend to occur. [25] For fuel-injected vehicles, vapor lock-
ing is less problematic since extra pressure is imposed on the fuel system. Instead, if 
the gasoline is too volatile, vehicles can be difficult to start. Idling related problems 
will happen as well. In an extreme case, the vehicle would not start. 
𝑇10, 𝑇50 and  𝑇90, those three temperatures indicate the warm-up performance un-
der cold operation conditions. Among those three special temperatures, 𝑇10 is related 
to the cold-start of a car. If the 𝑇10 is relatively low, it is easier to cold start an en-
gine. However, if the 𝑇10 is too low, fuels in pipes may evaporate due to the thermal 
energy from high-temperature components of the engine, producing unnecessary va-
por. The unnecessary vapor may stop fuels entering into combustion chamber, caus-
ing ignition issues, affecting engine performance in a bad way.  
The 𝑇50 is related to engine warming-up time, acceleration as well as the working 
stability. The 𝑇50 marks the average evaporation property.  Gasoline with a reasona-
bly lower 𝑇50 tend to be more volatile, which means larger amount of fuel evaporate, 
mixing with the air. As a consequence, engine warming-up time shortens. Moreover, 
the required air-fuel mixture can be supplied in time when the engine working load 
transmits from lower to higher. 
𝑇90, together with the boiling point, are indicators to the amount of substances with a 
high boiling point and a high molecular weight. When 𝑇90 is relatively low, the fuel 
contains fewer heavy components. Fuels entering the cylinder can completely volati-
lize, which is beneficial to the fuel process.  However, if this temperature is too high, 
the fuel contains more heavy components, which are not easy to volatilize and further 
adhere on the cylinder wall. Carbon deposition might occur after combustion, those 
deposits flow along the cylinder wall into the oil sump, diluting the oil and damaging 
the lubrication system consequently. In addition, incomplete combustion of heavy 
components result in higher hydrocarbons emissions. 
The DI is obtained by 𝑇10, 𝑇50 and  𝑇90, thus, it can well-roundedly   express distil-
lation performance of gasoline. Gasoline with lower DI values is with better volatility. 
During the wintertime, greater volatility enables a car with a easier starting. If the 
driveability index is higher, which means the volatility of the gasoline is worse, car 
cold-start and warm-up driveability can be worse. [25] 
Latent heat and heat of evaporation 
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Latent heat of a substance means the heat released or absorbed when the phase 
changes under a constant temperature condition. [26] The process from liquid phase 
to gaseous phase is endothermic, so is the process from solid phase to liquid phase. 
While the process from gaseous to liquid phase is exothermic, as well as the process 
from liquid phase to solid phase.   
The heat evaporation of gasoline indicates specifically the thermal energy absorbed 
when the phase switches from liquid to gaseous. With higher heat of evaporation, 
more energy is required to produce the same amount of fuel-air mixture vapor. Thus, 
the formation of air-mixture decreases, affecting the cold-start of cars and the acceler-
ation process.  
Viscosity 
The viscosity measures a liquid’s resistance to deformation. Informally, the viscosity 
can be considered as the concept of “thickness”. High-viscosity liquids are less likely 
to flow. Liquids with low viscosity tend to flow. For example, pouring water from 
high place can cause water-spraying, however, when the oil is poured from high posi-
tion, it drops slower compared with water, and it barely sprays.   
Compared with viscous lubricates, the viscosity does not influence gasoline’s quality 
that much. [22] The gasoline has a typical viscosity of around 0.5 centistokes (cSt) 
under atmospheric conditions. As for the viscosity of water, it is around 0.9 cSt at am-
bient temperature. Therefore, the gasoline is even less viscous than water. Besides, 
viscosity of the gasoline is not sensitive to temperature, it does not alter dramatically 
with the change of temperature.   
Lead content  
Concerning the grievous pollution issues related to the lead, lead-gasoline gradually 
fade away. The vanishing of lead-gasoline is mainly reflected in road vehicles. In 
terms of agricultural equipment, gasoline with lead still works.  [25] According to 
EN228 standards, the maximum lead content limit is 0.005 grams per liter.  
Sulfur content 
Similar to lead, sulfur can cause serious pollution to environment as well. After com-
bustion, sulfur could form sulfur oxides, such as sulfur dioxide and sulfur trioxide. 
Sulfur dioxide in the atmosphere is further oxidized by oxygen, producing sulfur tri-
oxide. Sulfur trioxide is one of the main sources of acid rain formation. The acid rain 
damages the acid-base balance of soil, and causes irreversible harm to the environ-
ment consequently. 
Gum 
Gum is formed by the oxidation reaction between gasoline and air. During long-term 
storage or transportation, gum tend to form due to long-term presence of gasoline and 
air. There are other kinds of products after the oxidation reactions, gum is the only in-
soluble in gasoline. Those insoluble residues could build in the fuel system, and even 
block the fuel system.  [25] 
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2.2 Internal Combustion Engines  
2.2.1 Engines and Internal Combustion Engines 
An engine is a machine that converts one form of energy into mechanical energy.  An 
engine can be called as a motor. There are several types of engines: heat engines, non-
thermal chemically powered engines, electric engines, physically powered engines, 
etc. The energy source (input) and the motion created (output) are two main criteria 
for engine categorization. The detailed categorization of engines is represented in the 
following graph.   
 
Figure 1 Engine categorization 
 
Heat engines, driven by thermal energy together with chemical energy, output me-
chanical energy to do mechanical work. This process is achieved by the descending 
temperature alteration of a working substance. In order to bring the working substance 
to high temperature state, a thermal energy source is employed.  
Heat engines can be categorized further: internal combustion engines and external 
combustion engines. Internal combustion engines (ICE), as the name implies, con-
sume fuels inside the engine. As for the external combustion engine, for example the 
steam turbine, produces mechanical work by the expansion process of steam. Even 
though the expansion process of steam happens inside the steam turbine, the steam is 
formed in a boiler, the combustion process occurs “externally”, but not in the steam 
turbine.  
 
2.2.2 Piston Engines, Reciprocating Piston Engines and SI Engines 
 
Combustion engines are piston engines. In piston engines, energy is transferred be-
tween a fluid and a moving displacer (for example, a piston). Energy can pass from a 
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fluid to a piston, and vice verse. In a piston engine, piston moves periodically, result-
ing in continuous energy transformation processes. Pistons can be classified as recip-
rocating displacer engines and rotary displacer engines. in terms of the movement of 
the displacer. [30] 
 
 
Figure 2 Working principals for piston engines [30].  
a. reciprocating displacer engine.  b and c. rotary displacer engines  
In a reciprocating displacer engine, the piston in cylinders moves upward and down-
ward, accepting energy from fuels combustion process in the cylinder and passing en-
ergy to the crankshaft through the connecting rod. The detailed working principle of a 
reciprocating displacer engine will be illustrated later in this thesis.  
For rotary displacer engines, they can be sub-classified into rotary engines and plane-
tary engines. [30] The rotary engine consists of external rotor, pistons and housing. 
The internal and external rotors both rotate with a fixed point. The planetary rotary 
engine has the following components: a fixed eccentric shaft, a piston and the hous-
ing. It is noticing that in a planetary rotary engine, the piston is the only part which 
moves. Those two kinds of rotary displacer engines have the similar internal struc-




Figure 3 Wankel engine: a planetary rotary engine’s working process [31] 
 
Figure 3 shows the working principle of a Wankel engine, which is a planetary rotary 
engine. 
Intake phase:  
The intake phase or one working cycle starts when one of the tips of the rotator passes 
the intake port. With the further movement of the rotator, the volume of chamber in-
creases, intaking the air-mixture into the chamber. When the next tip of the rotator 
passes the intake port, the chamber is hermetic, the intake phase ends and the next 
stage starts.  
Compression phase: 
At this stage, the air-fuel mixture is compressed since the volume of chamber de-
creases. When the chamber volume reaches to its minimum, the face of the rotator 
faces towards spark plugs. At the same time, the fuel-air mixture is exposed to spark 
plugs. This stage ends.  
Combustion phase: 
The combustion process occurs in this stage. After ignition, the flame inside the 
chamber propagates, creating heat energy and gaseous products. The gaseous mixture 
in the chamber expands a lot due to both the released energy and the newly-produced 
products. Thus, the rotator is forced to continue moving, and heat energy is trans-
formed into rotary energy (or mechanical energy) by the rotator and the eccentric 
shaft. Under most of the cases, a rotary engine is equipped with dual spark plugs. [31] 
The reason is the combustion chamber of a rotary engine is narrow and long, weakly 
making the flame propaganda. Two spark plugs enable the flame spreading faster. 




This phase starts when the tip passes the exhaust port. Since the gaseous mixture in 
the combustion chamber is with very high pressure, they will flow naturally out of the 
combustion chamber. Besides, the chamber shrinks with the motion of the rotator, the 
residual exhaust gas would be pushed out of the chamber. When the chamber reached 
its minimum volume, one working cycle ends.  
2.2.3  Working Principles of SI Engines  
Nowadays, reciprocating displacer engines are dominating internal combustion en-
gines, and many vehicles are running with reciprocating displacer engines. [32] In 
terms of the ignition method, reciprocating displacer engines are be classified as 
spark-ignited engines (SI engines) and self-ignited or compression ignited (DI en-
gine). Reciprocating displacer engines can be categorized into 2-stroke cycle engines 
and 4-stroke cycle engines further. [30] 
Otto cycle is the principle of a 4-stroke SI engine operation. (The SI engine refers to 
the 4-stroke SI engine in this thesis).  It is an ideal thermodynamic cycle that illus-
trates the gas conditions changes in SI engine cylinder. Picture shows how the in-cyl-
inder pressure and temperature of gas change within an Otto cycle.  
 
 
Figure 4 p-V graph of an ideal OTTO cycle 
 
Phase 0-1 describes the intake process of working gas, also called as intake stroke. At 
the point 0, the intake valve opens, gas with atmospheric pressure is drawn into the 
cylinder, where the in-cylinder pressure is constant. After that, when it comes to point 
1, the intake valve closes, the gas-intake process ends. [33] 
Phase 1-2 is the compression phase, or compression stroke. After the intake valve 
closes, the piston moves from the bottom dead center (BDC) position, where the in-
cylinder volume is maximum, 𝑉𝑚𝑎𝑥 , to the top dead center (TDC) position, where the 
in-cylinder volume reaches to its minimum, 𝑉𝑚𝑖𝑛 . During this isentropic phase, the 
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gas is compressed by the piston, and the mechanical energy is transformed to the gas. 
This isentropic stroke is assumed without the friction between cylinder walls and pis-
ton. Therefore, all mechanical energy goes to gas. Besides, there is no heat energy ex-
change involved with gas. The ratio maximum in-cylinder volume to the minimum in-
cylinder volume is defined as the compression ratio (CR), this term is associated with 
knocking tendency. [30] At the end of this stroke, the in-cylinder gas is ready to be ig-
nited.  
Phase 2-3 illustrates the ignition instant. Within this short time, the piston position is a 
bit front of the TDC position. The gas is ignited by the spark plug, with a certain 
amount of energy acquired from the spark plug. Then the in-cylinder pressure in-
creases substantially in an instant while the gas stays stable in terms of volume.  
From state point 3 to state point 4, the in-cylinder gas goes through the expansion pro-
cess, this process is called as power stroke. During this stroke, high pressure combus-
tion gas drives the motion of piston from TDC position to BDC position, with heat 
energy from combustion transforming to mechanical energy through motions of pis-
ton and crankcase. This stroke is also assumed to be adiabatic, the friction between 
the cylinder wall and the piston is not considered, and energy is transferred only in the 
form of combustion heat and mechanical energy. At the end of this stroke, the in-cyl-
inder volume reaches to its maximum Vmax again during an OTTO cycle,   
Phase 4-1 is an instant phase, called ideal heat rejection phase, when the piston posi-
tion is around the BDC. In this phase, the in-cylinder gas remains volumetrically con-
stant, with a certain amount energy removed to an external sink ideally. 
Phase 1-0 is the last phase of an Otto cycle, this phase is called as exhaust stroke. At 
the state point 1, the exhaust valve opens, gas is emitted to the atmosphere. The in-
cylinder pressure is constant. After that, when it comes to state point 0, the exhaust 
valve closes, the stroke ends, and another one Otto cycle will start. 
After one ideal Otto cycle, the in-cylinder conditions are the same as the initial state, 
and there is no net energy change in this system: 
𝐸 = 𝐸𝑖𝑛 − 𝐸𝑜𝑢𝑡 = 0 (2.6) 
where 𝐸𝑖𝑛  indicates the energy introduced to this system during compression stroke 
and ignition, 𝐸𝑜𝑢𝑡 represent the energy rejected from the system during power stroke 
and heat rejection phase. Those two terms can be illustrated further: 
𝐸 = 𝐸𝑖𝑛 − 𝐸𝑜𝑢𝑡 = 0 (2.7) 
𝐸𝑖𝑛 =  𝑊1−2 + 𝑄2−3 (2.8) 
𝐸𝑜𝑢𝑡 =  𝑊3−4 + 𝑄4−1 (2.9) 
where 𝑊1−2 means the energy passed to this system from piston, 𝑄2−3 means the heat 
energy from combustion process, 𝑊3−4 is the energy consumed on the piston motion 
from gas expansion, and 𝑄4−1means the thermal energy rejected from this system.  
The thermal efficiency of the Otto cycle is defined by the ratio of work done by this 













𝑄2−3 = ∫ 𝐶𝑣𝑑𝑇
𝑇3
𝑇2
= 𝐶𝑣(𝑇3 − 𝑇2) (2.11) 
𝑄4−1 = ∫ 𝐶𝑝𝑑𝑇
𝑇1
𝑇4
= 𝐶𝑝(𝑇4 − 𝑇1) (2.12) 
Thus, the thermal efficiency of OTTO cycle also can be expressed as: 




As it was mentioned before, the compression stroke (phase 1-2) and the power stroke 
(phase 3-4) are both isentropic. Thus, pressures and temperatures related to those two 


















𝑉2 = 𝑉3 (2.16) 













where 𝛾 is the specific heat ratio, 𝑐𝑝 is the specific heat under constant pressure, and 
𝑐𝑣 is the specific heat under constant temperature. 𝑉2 and 𝑉1 indicate the minimum 
and the maximum in-cylinder volume, 𝑉𝑚𝑖𝑛 and 𝑉𝑚𝑎𝑥  respectively, the ratio of 𝑉𝑚𝑎𝑥  
and 𝑉𝑚𝑖𝑛  is define as compression ratio, 𝑟. Thus, the thermal efficiency of the otto cy-
cle can be deduced as: 










The thermal efficiency of Otto cycle is relative to the compression ratio of an engine.  
 
2.2.4 Actual Otto Cycle  
Under real operation conditions, the working cycle of a SI engine do not follow the 
ideal Otto cycle. Figure x illustrates the relation between the in-cylinder pressure and 




Figure 5 p-V graph of an actual Otto cycle 
 
Under real operation conditions, the compression stroke is not isentropic. Part of the 
mechanical energy from piston results from the friction between cylinder walls and 
the piston. Thus, the lubricant is hired to reduce the friction in real engine operation. 
Besides, the sparking can happen before the timing of spark. In addition, in-cylinder 
flame propaganda takes time. Thus, the combustion process overlaps with the com-
pression stroke and the power stroke.   
For the power stroke, it is not isentropic neither. Partial thermal energy from the com-
bustion process is lost to the lubricant and atmosphere through the cylinder wall. The 
exhaust valves can open earlier before the piston reaches to the position of BTC. 
 During the intake stroke, the in-cylinder pressure is lower than the atmospheric pres-
sure, while during the exhaust, the in-cylinder pressure is higher that the atmospheric 
pressure.  
2.3 Octane Number Rating  
2.3.1 Knocking and Super-knocking           
Knocking is related to the noise resulted from abnormal combustion process in cylin-
der. There are several terms describing the knocking phenomenon in other literature, 





Figure 6 Knocking combustion in SI engines  
 
The picture illustrates the formation of knocking phenomenon. After the sparking re-
sulted from spark plug, the combustion process of air-fuel mixture starts, and the 
flame starts propagating inside the cylinder. With the expansion of burnt area, the 
flame front moves towards cylinder wall, passing heat energy from the burnt zone to 
the unburnt zone. This stage is called as flame propagation. After this stage comes the 
end-gas auto-ignition phase. When the temperature in the unburnt zone reaches to the 
auto-ignition point, auto-ignition occurs, causing pressure oscillation in the combus-
tion chamber and detectable noise in the combustion chamber further. In conclusion, 
knocking phenomenon results from the auto-ignition of the unburnt zone in a combus-
tion chamber. [35] 
More information on knocking phenomenon is presented in Figure 6. And in this Fig-
ure, a few parameters related to knocking need to be illustrated. 𝐶𝐴𝑘𝑜 is the onset of 
pressure oscillation, it indicates the crank angle where pressure in the cylinder start 
oscillating.  𝑝𝑘𝑜 is the pressure when pressure oscillation is firstly detected. 𝑝𝑚𝑎𝑥 is 
the highest pressure detected in a cycle, and ∆𝑝 is the difference 𝑝𝑚𝑎𝑥 and 𝑝𝑘𝑜. In ad-
dition, heat release rate (HRR), the temperature of unburnt gas (𝑇𝑢𝑛𝑏𝑢𝑟𝑛𝑡), maximum 
pressure rise (∆𝑝) and knocking intensity (KI) are four important parameters. They 




Figure 7 Pressure oscillations and heat release rate when knocking happens  
 
The picture shows pressure oscillations and how knocking-related parameters change 
when knocking occurs. From the crank angle of ignition to the crank angle of 𝐶𝐴𝑘𝑜, 
which is also called as the flame propagation phase, the pressure, the HRR and the un-
burnt gas temperature in cylinder generally increase.  It is noticing that the HRR expe-
riences a small drop before reaching to the 𝐶𝐴𝑘𝑜. The dropping of the HRR before the 
𝐶𝐴𝑘𝑜 results from the downward movement of the piston. [35]   
The phase after the 𝐶𝐴𝑘𝑜 is called as end-gas auto-ignition phase. In this phase, the 
knocking starts, and the pressure in cylinder reaches to the higher-pressure peak of 
𝑝𝑚𝑎𝑥 within a very short period. After that the pressure shows a general declining 
trend with oscillation. Besides, the amplitude of pressure oscillation also decreases 
gradually. It can be seen that after the knocking, the pressure fluctuation becomes less 
and less severe. It can be deduced that once the end-gas is auto-ignited, the pressure 
wave from auto-ignition will reflect back to the pressure wave from burnt area, result-
ing in pressure oscillation in the cylinder. Then, those two pressure waves from differ-
ent sources continue interacting with each other, and they neutralize each other gradu-
ally, easing the pressure oscillation eventually. The HRR in this phase shows first a 





2.3.2 RON, MON and Testing Conditions  
As it is mentioned above, knocking phenomenon is considered as disadvantageous to 
engine performance. It can affect the engine efficiency, improve the fuel consumption 
and cause severe damages to combustion chamber. Consequently, a fuel’s resistance 
to knocking is of great importance. A fuel’s octane number is the index which quanti-
fies its anti-knocking property. [17] 
There are two kinds of octane number: research octane number (RON) and motor oc-
tane number (MON). The process of testing a fuel’s octane number is called as octane 
number rating, or knocking rating.[36] The RON is tested under mild driving condi-
tions, while the MON is tested from more severe engine operation conditions.  Those 
two octane numbers, RON and MON, are tested under the D2699 and D2700 standard 
testing conditions respectively.  Compared with the RON test conditions, there are 
three features about the MON test conditions: 
The engine speed is increased from 600 rpm to 900 rpm. The air entering into the cyl-
inder is preheated to 149 degrees. And the spark timings are generally ahead of 13 de-
grees before the TDC. The detailed testing conditions are listed in Table 6. [37][38] 
Table 6 Standard octane numbers test conditions [37][38] 
 
 RON MON 
Engine speed [RPM] 600 900 
Intake air temperature [℃]  51.7 38 
Intake mixture tempera-
ture [℃]  
Not specified  149 
Intake pressure  Atmospheric  Atmospheric  
Spark timing [°] -13 before the top 
dead center  
Various, related to the 
compression ratio  
 
The engine speed is only 600 RPM under RON test conditions, and the intake air tem-
perature under RON test conditions is required to be 51.7℃, which is higher than that 
under MON test conditions. Those differences indicate that the RON is acquired un-
der milder test or engine operation conditions.  
There are other parameters which can measure a fuel’s resistance to knocking, for ex-
ample, octane index and octane sensitivity.  
 
2.3.3 The CFR Engine  
The CFR engine, also called as octane rating engine, is utilized to measure a fuel’s oc-
tane number and to detect a fuel’s knocking tendency. It is a single cylinder SI engine 
equipped with a series of sensors. In this thesis, engine modelling and simulations 
were implemented based on F1/F2 CFR engine from Waukesha. The F1/F2 CFR en-
gine from Waukesha has the following features: a cylinder with an adjustable cylinder 
head, a four-bowl falling level carburetor, a powerful crankcase and the exhaust tank 
systems.[39] Among those features, the adjustable cylinder head in the cylinder 
makes the CFR engine distinguishing from other conventional SI engines.  
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The cylinder of F1/F2 CFR engine is equipped with a height-adjustable cylinder head, 
enabling the engine can be operated with various compression ratio. During an octane 
rating test, the compression of cylinder is related to the reference fuel’s octane num-
ber. With higher octane number of the reference fuel, the compression ratio needs to 
higher. This height-adjustable cylinder head makes it possible to run octane rating 
tests under different conditions.  
The crankcase of a CFR engine is with a heavy-duty design. [39] A CFR engine will 
go through octane number rating tests many times, and during those tests, the knock-
ing phenomenon happens in the cylinder, resulting in pressure oscillations and unsta-
ble crank motions. Those unconventional combustion processes cause bad effects on 
conventional SI engines. However, for the CFR engines, unconventional combustion 
processes are ‘conventional’, thus, a strengthful and rigid crankcase is required for the 
CFR engine. Besides, side doors of the CFR engine crankcase can be removed, mak-
ing it convenient to inspect, maintain and repair the internal part. [39] 
2.3.4 Octane Number Rating Process 
In order to test a fuel’s octane number on a CFR engine, the reference fuels are em-
ployed. The reference fuels refer mainly to iso-octane and n-heptane. The chemical 
structures of iso-octane and n-heptane are shown in Figure 8.  
 
 
Figure 8 Structual formulas of iso-octane (a) and n-heptane (b) 
 
In 1926, Graham Edgar tested gasoline’s anti-knocking property by mixing gasoline 
with various volumetric percentage of iso-octane and n-heptane. He noticed that when 
the iso-octane is blended into gasoline, the knocking does not happen. This work re-
vealed the importance of iso-octane in terms of knocking prevention and initialized 
the octane rating. [22] If a CFR engine runs with iso-octane only under certain condi-
tions, producing a certain level of engine performance, this performance is defined as 
octane number 100. When the n-heptane is the only fuel for engine test under the 
same conditions, the engine performance produced is regarded as octane 0.  
Detailed processes of the octane number rating assisted with a CFR is expressed in 
pic. The CFR engine firstly run with the fuel whose octane number is unknown. By 
adjusting the cylinder head, the compression ratio of the CFR engine changes. Under 
various compression ratio, engine performances with the same fuel are different. Un-
der a certain compression ratio, a certain intensity of the knocking phenomenon will 




Figure 9 The process of octane number rating 
 
Then, the CFR engine starts running again but with primary reference fuels of differ-
ent octane numbers under the same compression ratio condition. When the same level 
of knocking intensity is detected again, the octane number of the primary reference 
fuel is the octane number of the unknown fuel.    
2.4 Gasoline Surrogates  
 
Surrogates of gasoline are certain blends of hydrocarbons utilized to replace the gaso-
line in experimental or numerical studies. As it is mentioned above, gasoline is a com-
plex chemical mixture containing many kinds of components. During the combustion 
process, oxidation reactions of those components interact with each other, resulting in 
the emerging of many new components. These factors contribute to the complicated-
ness of the specific chemical reaction combustion mechanism of gasoline. Besides, 
the gasoline is with many physical and chemical properties, among which only few 
are focused on a research project. For example, laminar flame speed is essential in a 
knocking related research since the laminar flame speed is an indicator of the flame 
front speed. Thus, it is not necessary to investigate on all the properties of gasoline. 
Consequently, various gasoline surrogates are employed to emulate gasoline’s proper-
ties. [40] So that researchers and engineers can only focus on a few of physical or 
combustion related properties of fuels by certain pattern of surrogates formation.  The 
ASTM standard test methods are designed for measuring fuels’ parameters in stand-
ard ways. [41] summarized some ASTM methods the corresponding fuels’ proper-
ties.  
2.4.1 Primary Reference Fuels 
PRF refers to primary reference fuels, consisting of isooctane and n-heptane. PRF are 
employed for the ASTM D2699 and D2700 test methods for measuring a fuel’s RON 
and MON respectively. With the help of PRFs, a unknown fuel’s octane numbers can 
be tested on a CFR engine. The result scale varies from 0 to 100. The name of PRF 
fuels can represent its research octane number. For example, PRF50 means its re-
search octane number is 50. It contains 50% volumetric percentage of iso-octane, and 
50% volumetric percentage of n-heptane. [42] Likewise, PRF95 has a research octane 
number of 95. It consists of 95% volumetric percent of iso-octane and 5% volumetric 
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percentage of n-heptane. The motor research octane number of PRF is defined as the 
same as its research octane number.   
2.4.2 Toluene Reference Fuels  
TRF refers to toluene reference fuels. The main components of TRF fuels are isooc-
tane, n-heptane and toluene. TRF can be summarized as blends of PRF and toluene.   
Toluene, also called as Methylbenzene, consists of a benzene ring and a methyl group. 
The exact structural formula of toluene is shown in picture. Toluene is a colorless aro-
matic hydrocarbon with special fragrance. It is liquid and easily volatile under atmos-
pheric conditions. [45] Toluene has similar chemical properties with beneze, but it is 
not toxic, therefore, under many occasions, toluene can replace the beneze.  
 
Figure 10 Structual formula of toluene  
  
Many researchers have investigated octane numbers of toluene, Table 7 lists toluene’ 
octane numbers acquired from 3 references. From those measured data on toluene’s 
octane numbers, it is obvious that toluene has very high octanes compared with con-
ventional gasoline. Therefore, toluene is an ideal ‘octane numbers booster’ for gaso-
line, it can increase a fuel’s octane numbers and thus it can improve engine perfor-
mance by weakening the knocking tendency. TRF91-30 means this kind of fuel’s 
RON is 91, but it is with 30%v of toluene content.  
 
Table 7 Octane numbers of toluene from different references 
 
RON MON References 
121 107 [46] 
120.1 103.5 [47] 
124 112 [48] 
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2.4.3 Indolene  
Indolene is produced from the petroleum refinery stream. It consists of several kinds 
of hydrocarbons. Thus, the indolene is not a chemical substance, but a mixture. It can 
be represented as 𝐶7𝐻13.02 considering the ratio of carbon to hydrogen. [44] The pro-
duction process of indolene is similar to that of commercial gasoline. Indolene was 
developed to reproduce emission qualities of gasoline in real engine tests. [49] Gaso-
line is one product from the petroleum refinery stream. The quality, properties of gas-
oline vary a lot with spatial and temporal factors. Due to this, indolene was formu-
lated, and it was certified as a standard gasoline reference fuel to be implemented on 
engine tests by American Federal. [49] 
Since the indolene is mixture produced from the petroleum refinery stream process, 
the complexity and instability of its components and properties also exist, just like 
gasoline. The fuel needs to go through several tests for physical, chemical and com-
bustion properties. [49] And it is necessary that the reference gasoline for engine test-
ing contains octane, so that it can represent commercially available fuels.[43] The test 
specifications applied on indolene include: distillation range, hydrocarbon composi-
tion, lead content, phosphorous content, total sulfur content and dry vapor pressure 
equivalent. [43] 
In this thesis work, indolene is used to investigate how the physical properties affect 
the pre-combustion conditions. The octane number of indolene in this work is set as 
91 to correspond to commercial gasoline.  
 
Table 8 Several standard tests of gasoline properties from ASTM  
 
Table 8 presents some gasoline’ properties various test method (an ASTM code indi-
cated a certain test method). In order to acquire one property, certain surrogates are 
formulated in order to emulate this certain property. [41] When different target prop-
erties are taken in consideration, the formulation of surrogates will be complex. [41] 
Those selected surrogates need to be vertified and proven to be effective in terms of 
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combustion performance. [41] In this study, the effects of octane numbers and physi-
cal properties (density and heat of vaporization) on in-cylinder pre-combustion condi-
tions are in the research scope, therefore, PRF, TRF, indolene are selected. Ethanol is 
also selected since it can affect fuels’ octane numbers, and it is under widely commer-
cial utilization.  
2.5 The Intake System of the CFR Engine 
Figure 11 shows the structure and the sectional view of the intake system of the CFR 
engine under RON testing conditions respectively. 
 
Figure 11 Schemtic (a) and sectional (b) diagrams of the CFR engine intake system 
under RON testing system, modified based on [13] 
 
The CFR engine intake system comprises following parts: the intake manifold, the 
carburettor, injector for injecting liquid fuels, the intake port and the intake valve.  
For the intake system with a carburettor, the intake air from is delivered from the at-
mosphere to the carburetor passing through an intake vertical pipe and an intake el-
bow. The carburettor works on the principle of a venturi pipe. The inhaled air is con-
verged firstly, then the air flow flowing through the carburettor is accelerated through 
a narrow channel called a venturi pipe where the liquid fuel is injected. As the channel 
begins to diverge again, a vacuum will occur. It is this vacuum that draws fuel into the 
moving air column through the nozzle of the carburetor. The size of the injector is de-
signed to allow a fairly precise amount of fuel to be drawn into the air stream, thereby 
creating a proper mixture of air and fuel. After that, air-fuel mixture passes intake 





In this section, a detailed methodology of the project is described. In order to com-
plete this research project, the author has done a lot of theoretical reading and litera-
ture study. First, the author studied the basic structure of gasoline engine and the oper-
ating principle of combustion chamber. Then, the author makes a series of researches 
on conventional gasoline engine combustion and knock combustion. Then, the author 
collected data about CFR engine from different literatures, which were used to build 
the next model. Based on the data collected. Based on collected parameters, two CFR 
engine modellings under RON test conditions and MON test conditions respectively 
with GT-Power.  
After the establishment of the models, three fuels are selected for simulation and com-
pared the simulation results with the experimental data in the literature. After that, 
representative in-cylinder curves are revealed by simulations, together with the condi-
tion variations in the intake system. Then, to get the relationship between the combus-
tion conditions and the octane number of the fuel, 4 groups, 19 kinds of fuels, are sim-
ulated. Finally, effects physical properties of the fuel (density and heat of vaporiza-
tion) on in-cylinder conditions are analyzed based on simulation results based on sim-
ulations based on indolene. 
 
3.1 Theoretical and Modelling Background 
In this section, the basic theory on modelling work will be illustrated. Governing 
equation, discretization in terms of space and time, combustion model solver will be 
themes to further understanding. 
Reynolds Transport Theorem 
Reynolds transport theorem (RTT) is used to describe changes in fluid properties. 
Reynolds transport theorem is known as the transmission equation.  
The transmission equation can be used to quantitatively describe the change of fluid 
properties in a flow field. For example, a control volume contains a certain fluid.  
After a certain period of time, if the overall property B (also called as the extensive 
property) of the fluid in the control volume changes, the change must be caused by the 
following two reasons: (1) The overall property B may be affected by its own charac-
teristics or external factors over a period of time. For example, the mass B can change 
over a certain period of time due to chemical reactions in the system. Under this cir-
cumstance, dB/dt is the rate of change in the mass of the substance. For another one 
example, B is the momentum of the fluid. Under the condition of external force, the 
momentum of the fluid will change. (2) Changes caused by fluid flow. The overall 
property alters depending on the inlet and outlet flow rate. When the overall property 
of the outflow control volume is greater than the inflow, the net outflow is positive, 
which will cause the overall property in the control volume to decrease. Conversely, if 
the inflow is greater than the outflow, the overall property will increase.  
In order to understand the mathematic formulas of the Reynolds transport theorem, 
some terms will be introduced. The control volume (CV) is a fixed region in space 
where the system is considered as a certain amount of fluid. A piece of tube, a boiler 
or a heat exchanger can be analyzed as a control volume, and the fluid in the CV is 
29 
 
considered as a system. A boundary rounding the control volume is a control surface 
(CS).  With those terms and their abbreviations, the Reynolds transport theorem can 






















+ ∫ 𝜌𝑏𝑽 ∙ ?̂?𝑑∀
𝐶𝑆
(3.3) 
𝐵 in above equations indicates the extensive property, while 𝑏 is the intensive prop-
erty. The relation between 𝐵 and 𝑏 can be expressed as 𝐵 = 𝑚𝑏 where 𝑚 is the mass 
of system. In formula, ‘𝐷𝐵𝑠𝑦𝑠
𝐷𝑡





’ indicates the time rate of change of 𝐵 in CV, and ‘∫ 𝜌𝑏𝑽 ∙ ?̂?𝑑∀
𝐶𝑆
’ (?̂? is 
the unit vector in the n direction) is the net outflow rate of 𝐵. Here B can be mass, en-
ergy or momentum.  
Governing equations 
By rewriting RTT equations in terms of mass, energy and momentum, a set of equa-
tions can be deducted, which are Navier-Stokes equations. The Navier-Stokes equa-
tions are a set of descriptions of fluids like liquids and air. These equations establish 
the relationship between the rate of alteration of the particle momentum (force) of the 
fluid, the change of pressure acting inside the liquid, the dissipation of viscous force 
and gravity. These viscous forces arise from the interaction of molecules. It can also 
measure how viscous the liquid is. In this way, the Navier-Stokes equation can be ex-
pressed as the dynamic balance of forces applying on any given part of the liquid. 
These equations do not intend to establish the relationship between the variables being 
studied (like speed and pressure). But they intend to establish the relationship between 
the rate of change or flux of these quantities. Those equations are employed as gov-
erning equations for 1-D modelling in the GT-Power software. 1-D modelling is 
based on 1-D flows, which means the velocity at any location in the system depends 
on only the distance between this location and the centerline. [52] 
In the CFR engine, the flow can be simplified as unsteady and compressible. Thus, 
the following Navier-Stokes equations will be written under the circumstance of un-
steady compressible one-dimensional flow. 










= 0 (3.4) 
The Momentum Equation [52]: 












The Energy Equation [52]: 
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Discretization 
Discretization is the process of transferring continuous functions, models, variables, 
and equations to discrete equivalents. This process is usually the first step in making 
continuous functions, models, variables, and equations suitable for numerical compu-
tations and implementation on a digital computer. The discretization of a continuous 
can be both in time and in space. In a CFR engine, there are spaces in pipes, elbows 
and combustion chambers, those spaces can be discretized to several sub-volumes. 
This is discretization in space. Discretization in time occurs in each sub-volume. 
Computations on fluid propertied happen at each time step, which mean the whole 
process can be discretized in terms of time step.    
For 1-D simulation or numerical computation in GT-Power, the natural continuous 
system is discretized into sub-volumes. The space of each object is divided into at 
least two sub-volumes. And all split flows are considered as a single volume at any 
time. At the boundary connecting adjacent sub-volumes, vector variables are calcu-
lated. Scalar variables are computed at the center of each sub-volumes. [52] 
Mass flow rate, internal energy and density are the initial variables for the simulation 
process. Mass flow rate is defined by the input fuel delivery rate and air-to-fuel ratio. 
Internal energy and density of selected fuels and air are built-in from GT-Suite data 
library. The mass flow, internal energy, and density on each sub-volume side are fed 
into the mass conservation equation. So that the corresponding variable on the other 
side of each sub-volume can be calculated. [52] 
The explicit methods calculate the state of a system at a later time from the state of 
the system at the current time. The momentum equation is computed on the border of 
every sub-volume considering the time step.   
At each time step, the temperature and pressure of a sub-volume can be acquired. 
Based on Reynolds transport theorem equation and the energy balance equation, the 
mass and energy can be calculated. Those two variables yield the density then. The 
density and energy of a system are a function of the temperature and pressure of the 
system. The temperature and pressure of the system can be calculated from the den-
sity and energy given the state of the material components of the system. [52] 
3.2 CFR engine Parameters and Modellings Under Two Con-
ditions 
In order to simulate a CFR engine on GT-Power, some data related to different parts of 
the CFR engine must be obtained. For the fuel systems, the length, diameter of straight 
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pipes and radius of the bending pipe are necessary. For the carburetor, it is divided to 
three pipes, one converging pipe, one venturi pipe and one diverging pipe, and each one 
of them requires detailed length and diameter. . For inlet valve outlet valves, the valve 
height changes with the angle of the cycle in the cylinder. For the cylinder, geometric 
data is also required. The main sources of these data were two pieces of reference and 
the D2699 and D2700 standard test instructions.[37][38] The geometric data of cylinder 
is listed in Table 9.  
 
Table 9 Geometric parameters of the cylinder of the CFR engine [37][38] 
 
Parameters  Value 
Bore [mm] 82.5 
Stroke [mm] 114.3 
Connecting rod length 254 
Compression ratio 
(CR) 
Varies with fuels  
TDC clearance height  114.3/(CR-1) 
Head/bore area ratio 1 
Piston/bore area ratio 1 
Wrist pin crank offset  0 
Stroke convention True stroke 
TDC angle convention Piston position 
Parameters  Value 
 
 
The bore is the diameter of the cylinder. The stroke is the length of piston motion dur-
ing a stroke, it is the difference the highest piston position and the lowest piston posi-
tion. Connecting rod length is the length between the centers of the rod and piston-pin 
bearings [50]. TDC clearance height is the difference of height between the cylinder 
head and the highest piston position. Since compression ratio is the ratio of the maxi-
mum in-cylinder volume to the minimum in-cylinder volume, it can be expressed as 
the ratio of the highest piston position to the lowest piston position, which is: 
𝑅 =
𝑆𝑡𝑟𝑜𝑘𝑒 + 𝑇𝐷𝐶 𝑐𝑙𝑒𝑎𝑟𝑎𝑛𝑐𝑒 ℎ𝑒𝑖𝑔ℎ𝑡
𝑇𝐷𝐶 𝑐𝑙𝑒𝑎𝑟𝑎𝑛𝑐𝑒 ℎ𝑒𝑖𝑔ℎ𝑡
(3.7) 
Therefore, the TDC clearance height can be calculated as 114.3/(CR-1).  The cut-way 





Figure 12 The cut-way view of a engine [50] 
 
3.3 In-cylinder Heat Transfer Model 
In this work, the selected heat transfer model of the cylinder is ‘WoschniGT’. Under 
this heat transfer model, the in-cylinder heat transfer is calculated by a built-in for-
mula. This build-in formula emulates the classical Woschni correlation without 








where B is the bore of the cylinder, p is the in-cylinder pressure, T is the in-cylinder 
temperature. w is the average gas velocity in the cylinder. As is was mentioned be-
fore, the heat transfer rate under ‘WoschniGT’ model is calculated with the assump-
tion of no swirl. Therefore, the mean gas velocity is defined by: 
𝑤 = 𝐶1𝑆𝑝 + 𝐶2
𝑉𝑑𝑇𝑟
𝑝𝑟𝑉𝑟
(𝑝 − 𝑝𝑚) (3.9) 
where 𝑉𝑑 is the displacement volume, 𝑝 is the instant in-cylinder pressure, 𝑝𝑟, 𝑉𝑟 , and 
𝑇𝑟 are the working fluid pressure, volume and temperature at reference state respec-
tively [33]. 𝐶1 and 𝐶2 are two parameters, their values vary in different periods.  
 
3.4 CFR Engine Modelling Schemes  
The CFR engine modelling on GT-Power schemes are showed in. Those modellings 




Figure 13 Modelling scheme of the CFR engine under RON test conditions 
 
Figure 14 Modelling scheme of the CFR engine under MON test conditions 
 
Figure 13 and Figure 14 show that, the CFR engine model is divided into three main 
parts: the intake system, the exhaust system and the main engine. The intake system 
consists of straight and elbow pipes, a carburetor (a converging pipe, a venturi pipe 
and a diverging pipe), a direct injector, an intake port pipe, an intake port elbow and a 
preheat with is only hired under the MON testing conditions.  
‘env-inlet-1’, this object in both model scheme indicates the pre-set conditions of in-
take air. The air composition is set as 76.7% of N2 and 23.3% of O2, with an absolute 
pressure of 1.01325 bar and a temperature of 325 K under RON conditions and 
311.15 K under MON conditions.   
‘vertical_intake_pipe’ and ‘intake_elbow’ are set as the pipe where air flows 
through to the carburettor. ‘vertical_intake_pipe’ is set with a length of 90 mm and a 
diameter of 28mm. The discretization length is recommended to set approximately 0.4 
times the cylinder bore diameter for the intake system and 0.55 times the bore for the 
exhaust system according to the built-in help instructions of GT-Power. The 28-mm- 
diameter ‘intake_elbow’ is 50-mm long, with a bend radius of 25 mm and a bend an-
gle of 90 degrees [16].  
‘venturi_converging’, ‘venturi’ and ‘venturi_diverging’ build what is a carburettor 
in reality in those two models. The diameter of ‘venturi_converging’ converges from 
28 mm to 14.2875 mm on its 20-mm-length. The diameter of ‘venturi’ stays at 20 mm 
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with a length of 14.2875 mm. For the ‘venturi_diverging’, its diameter expands from 
14.2875 mm to 30 mm on its 46-mm-length. [16] 
All pipe related objects mentioned above are assumed with an imposed wall tempera-
ture of 325.15 K. Besides, they share the same initial air conditions as ‘env-inlet-1.  
‘injAFSeqConn’ mean the injector of the CFR engine. The fuel delivered stays at 
(engine speed)/600, which is 1 g/s under RON conditions and 1.5 under MON condi-
tions in this work. Fuel Ratio specification (𝜆) is 0.88 in order to achieve the maxi-
mum power output and the least possibility of the occurrence of knocking in the cylin-
der.  Injected Fluid Temperature is set as 298 K in this work, and the fuel is supposed 
to injected on the middle position of the ‘venturi’. In this object, the injection timing 
angle indicates the crank angle relative to TDC firing of either the start of injection or 
the end of injection [50]. This term depends on a value called injection timing flag. In 
this work, the injection timing angle is set as 350, and the injection timing flag is set 
as ‘injection-start’. It means that the fuel injection starts after 350 degrees of TDC. 
The vaporized fluid fraction (VFF) is the mass fraction of the injected liquid that will 
vaporize immediately upon injection [50].  This term can greatly manipulate simula-
tion results on temperature and mass fraction graphs with respects to the crank angle 
in the intake system. The effects of this term will be illustrated later. In the part of 
simulating the combustion conditions inside the cylinder of this work, this term is set 
as 1, meaning that all fuels vaporize immediately upon injection.        
‘intake_port_entrypipe’ and ‘intake_elbows2’ simulate the pipes delivering to the 
engine cylinder via ‘intvalve2’ which indicates an intake valve of the CFR engine. 
‘intake_port_entrypipe’ is 46 mm long, with a diameter of 30 mm. ‘intake_elbows2’ 
is 60 mm long, with a diameter of 30 mm, its radius of bend is 38.179 mm and its an-
gel of bend is set as 90 degrees [16]. They share the same imposed wall temperature 
in this work, which is 400 K. ‘HeatExchangerConn-1’ only exists in the model un-
der MON test conditions, it is because the temperature of air-fuel mixture entering the 
cylinder is fixed at 149 ℃.  
The exhaust gas leaving from the cylinder passes the exhaust valve, ‘exhvalve-2’, ex-
haust pipes, ‘export-1’ and ‘outrunner-1’, to the atmosphere. The 31.75-mm- diame-
ter ‘export-1’ is 60-inch long, with a bend radius of 38.2 mm and a bend angle of 90 
degrees [16]. The ‘outrunner-1’ is 18.25-inch long with a diameter of 31.75 mm [16]. 
Both of them are assumed with an imposed wall temperature of 500 K in this work.  
‘intvalve-2’ indicates the intake valve of the CFR engine. For the timing related at-
tributes,  a -4.32-degree cam timing angle is defined between cam timing anchor ref-
erence (TDC firing in this case) and the cam timing lift array reference (Theta = 0 in 
this case, indicating that cam timing angle above will be referenced to the 0.0 value in 
the angle array). Those three attributes determine the intake opens 4.32 degrees ahead 
of the TDC firing point, together with lift array, the intake valve lift curve could be 
ensured. The valve lash is 0.271 mm, and the angel multiplier is 1 in this work. The 
angle array will be scaled with respect to 0.0 in angle array by choosing ‘Thera=0’ for 
the attribute of ‘Anchor for Angle Multiplier’.  
Flow coefficients are several parameters measuring a valve’s flow-passing ability. In 
GT-Power, the following attributes need to input in order to simulate the valve’s flow-
passing ability. The valve reference diameter (set as 34.18 mm in this work) is used to 
calculate the effective flow area from the discharge coefficients specified in this work. 
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The discharge coefficient reference area definition is for defining the method to calcu-
late the reference area for forward discharge coefficients and reverse discharge coeffi-
cients array data. In this work, ‘curtain’ is chosen, meaning that discharge coefficients 
are calculated from the isentropic flow equations based on curtain reference: 
𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 =  𝜋 ∗ 𝑣𝑎𝑙𝑣𝑒 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 ∗ 𝑙𝑖𝑓𝑡 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 (3.10) 
 The flow coefficient lift unit is mm in this case, indicating that the flow coefficients 
are input as a function of lift in unit of mm. The flow area multiplier has the function 
of scaling the reference area or discharge coefficients, in this work, this is set as 0.57. 
With above input attributed, forward discharge coefficients and reverse discharge co-
efficients can be calculated. The forward direction is the direction of the linking ar-
rows through the valve connection. The discharge coefficients for valves must be cal-
culated with respect to valve reference diameter using the isentropic flow equation. 
The reverse direction is the direction opposite of the linking arrows through the valve 
connection. The intake valve lifting data and fluid coefficients are acquired from [51].  
‘cylinder-1’ is a key object in those models whose purpose is to simulate the in-cylin-
der combustion process conditions. Initial state object indicated the initial in-cylinder 
conditions. In this work, the in-cylinder conditions are: air, 1.013125 bar and 298 K 
Wall temperature defined by reference object defines the cylinder walls temperatures. 
In this work, head temperature, piston temperature, and cylinder temperature are 
438.15 K, 438.15 K and 400 K respectively [16]. Heat transfer object has been illus-
trated above. The flow object specifies flow characteristics in this cylinder. In this 
case, all parameters are set as the default data. The combustion object is set to simu-
late the in-cylinder combustion model. Flame geometry object is (x.y.z = 0 mm, 40.5 
mm, -10 mm). Spark timing or anchor angle depends on the test conditions. The ini-
tial spark timing is 5.5 mm. The flame laminar speed object is input according to Ta-
ble 10. The data from table are mostly specified for isooctane, this group of data is 
chosen for the purpose of simplification.  
Table 10 Flame laminar speed coefficients and exponents [16]  
 
Parameters Fuel Value 
Maximum laminar flame speed at the ref-
erence state (m/s) 
Iso-oct 0.341 
Laminar flame speed roll-off value (m/s) Iso-oct -1.132 
Max flame speed equivalance ratio Iso-oct 1.084 
Temperature exponent All 1.61 
Pressure exponent All -0.273 
   
Flame kernel growth multiplier, turbulent flame speed multiplier and Taylor length 
scale multiplier are set as 0.9, 1.15 and 1 respectively under standard flame speed 
mode.  
‘cranktrain-1’ is employed to model crankcase chambers. The needed geometric 
data input has been mentioned above.   
‘exhvalve-2’ indicates the exhaust valve of the CFR engine. Cam Timing Angle is 
chosen as 357.76 degrees. Cam timing anchor reference is set as ‘TDC Firing’. Cam 
timing lift array reference is ‘Theta=0’. Valve lash is 0.258 mm [16]. Valve reference 
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diameter is 34.45 mm [16]. Flow area multiplier is chosen as 1 in this work. The ex-
haust valve lifting data and fluid coefficients are acquired from [51] 
3.5 Validations and Representative In-cylinder Curves  
After the building of CFR engine under two testing conditions, PRF100, PRF91 and 
TRF91-30 are firstly simulated under RON test conditions in order to validate with 
experimental testing results. Simulated results (in-cylinder pressure curve) are vali-
dated with experimental measurement results from reference [51]. The validation re-
sults are shown as following figures.  
 
 









Figure 17 Modelling result (TRF91-30) compared with experimental results from  
[51] 
 
From Figure 15, Figure 16 and Figure 17, black lines indicate the experimental pres-
sure curve when gasoline is operated without TEL (tetraethyllead, an anti-knocking 
additive to gasoline). Black dots lines mean the experimental pressure curve when 
gasoline is operated with TEL. Red lines show the simulated results of this work. 
Validation results show that the simulated pressure curves match with the actual 
measured pressure curve well, especially before the timing of TDC.  
  
 





Figure 19 Representative in-cylinder temperature curve under RON conditions 
 
 
Figure 20 Representative in-cylinder pressure curve under MON conditions 
 
 




Figure 18, Figure 19, Figure 20, Figure 21 are representative in-cylinder pressure 
curve under RON conditions, in-cylinder temperature curve under RON conditions, in-
cylinder pressure curve under MON conditions and in-cylinder temperature curve under 
MON conditions respectively. Those graphs are based on indolene simulation results, 
the octane number of indolene is assumed as 92 in this part of work. The pressure peak 
under RON conditions is lower than that under MON conditions, while temperature 
peaks under two conditions do not show much difference.  
 
3.6 Selected Fuels  
In the first part of this study, in order to study the relationship between octane numbers 
of a fuel and pre-combustion conditions, 4 groups of fuel are selected for simulation.  
The first set of fuels is the PRF with various octane numbers. They are chosen be-
cause the PRF is the most basic surrogate fuel for gasoline, and they most intuitively 
reflect the relationship between the octane number of the fuel and the pre-combustion 
conditions. 
The second group of fuels are the mixture of different PRF with the same percentage 
of alcohol by volume. Those fuels are selected to observe the effect of a fuel with the 
same volume fraction of alcohol on pre-combustion conditions. For this group of 
fuels, the MON data is missing.  
The third group of fuels is PRF91-E. The purpose of this group of fuels is to observe 
the octane number change of fuels with different alcohol content and the change of 
pre-combustion conditions.  
The last group is TRF91-30-Es. This group of fuels are selected for the same purpose 
as the third group, but toluene's effect on pre-combustion conditions was also taken 
into account. 
Table 10 shows information on selected fuels, corresponding set compression ratio 
(CR in table) and spark timing. The RON and MON of selected fuels, together the 
corresponding compression ratio are acquired from reference[51]. Under RON test 
conditions, the set compression ratio of a simulation varies with octane numbers of a 
fuel. Generally, the higher research octane number is, the higher the compression ratio 
is. And the compression is fixed at 13° degrees before the TDC (BTDC). Under MON 
test conditions the set compression ratio increases with the increase of motor octane 
number. And the spark timing is not fixed. The spark timing under MON test condi-
tions is related to Cylinder height Dial Indicator Reading (CHDIR), which is related 
to the CR. The spark timing under MON test conditions is calculated by [38]: 
𝐻𝐷𝐼𝑅 =
114.3𝑚𝑚




𝑝𝑎𝑟𝑘 𝑡𝑖𝑚𝑖𝑛𝑔 = 19.4 × 𝐶𝐻𝐷𝐼𝑅 + 10.16 (3.11) 
For the equation of spark timing, it is deduced by the linear relation between cylinder 
height dial indicator reading and spark timing in reference [38]. When the calculated 
result of spark timing is higher than 26°, then it will be set as 26° since the spark tim-





Table 11 Selected fuels and data input for simulations 
 
Group Fuels RON CR under 
RON 





1 PRF100 100 7.82 100 8.03 22.46 
1 PRF80 80 6.11 80 5.92 26 
1 PRF60 60 5.55 60 5.14 26 
1 PRF40 40 5.25 40 4.78 26 
2 PRF91-E80 108.4 9.7 92.2 7.01 24.54 
2 PRF91-E60 108.4 9.7 93.4 7.15 24.21 
2 PRF91-E40 108 9.64 94.5 7.28 23.92 
2 PRF91-E20 103.8 8.77 95.3 7.38 23.7 
2 PRF91 91 6.72 91 6.87 24.88 
3 PRF100-E20 109.4 9.89    
3 PRF80-E20 97 7.31    
3 PRF60-E20 83.5 6.26    
3 PRF40-E20 68.5 5.75    
3 PRF20-E20 53.3 5.43    
4 TRF91-30-E80 107.5 9.54 91.4 6.91 24.78 
4 TRF91-30-E60 107.1 9.47 92 6.98 24.61 
4 TRF91-30-E40 106 9.26 92.1 6.99 24.58 
4 TRF91-30-E20 101.4 8.17 91.1 6.88 24.85 







In this section, the simulation results on intake system and 19 kinds of fuels and indo-
lene in the cylinder will be showed and illustrated.  
4.1 Pressure, Temperature and Gaseous Mass Fraction 
Graphs in the Intake System 
4.1.1 Under RON Conditions 
Pressure curves 
The pressure curves of the intake system do not vary greatly with the VFF. In all ob-
jects of the intake system, the pressure varies in certain range during the compression 
stroke, power stroke and exhaust stroke. The amplitude decreases as the crank angle 
approaches to intake stroke. With it comes the intake stroke, the internal pressure in 
all components of the intake system decreases with small fluctuations. Subsequently, 
the pressure gradually returned to the initial state of compression stroke. The closer to 
the part of cylinder, the greater the decrease of internal pressure is in the intake stroke. 
Temperature curves 
The temperature curve of each part of the intake system can be manipulated by the 
VFF to varying extensions. In the intake pipe and the intake elbow, the inside temper-
ature shows a weak trend of decrease in compression stroke, power stroke and exhaust 
stroke. During the intake stroke, the inner temperature decreases and then returns to 
its original state in the intake stroke. VFF has a slightly greater effect on the tempera-
ture of the intake elbow.  
In the carburettor, the effects of VFF can be clearly observed. In the converging pipe, 
the inside temperature remained stable in the compression stroke, power stroke and 
exhaust stroke. While in the intake stroke, the internal temperature decreases to a min-
imum within a short time, followed by a rapid rise to the state just entering the intake 
stroke, and then maintains until the end of the intake stroke. The higher the VFF is, 
the lower the minimum temperature of the intake stroke is. In the venturi pipe, the 
fuel is injected directly. It is here that the VFF has the greatest impact on the internal 
temperature, due to the fact that gasification of the fuel absorbs a lot of heat. There-
fore, the higher the VFF is, the more heat is absorbed by the fuel, and the lower the 
overall temperature in the tube is. Here, the in-pipe temperature fluctuates during 
compression, power and exhaust strokes, but still remains stable as the initial tempera-
ture. During the intake stroke, the inner temperature drops sharply to the lowest point 
of the cycle, then rapidly increases to the state before the intake, and finally slowly 
decreases. It is worth noting that in this simulation, when VFF is set as 1, the lowest 
temperature in the venturi tube is down to about 180K, which is impractical. How-
ever, in subsequent researches on in-cylinder's internal combustion conditions, VFF is 
always set to 1. In the diverging pipe of the carburettor, the temperature curve is simi-
lar to that in the venturi tube, but the value of the lowest temperature is more realistic.  
In the intake port entry pipe and the intake elbow, temperatures remain stable during 
the compression stroke, power stroke and exhaust stroke. However, in the intake 
stroke, inner temperatures experience a slow increase, a sharp decrease, a rapid in-
crease, and a slow decrease to the initial state. Here, VFF has little influence on the 
temperature variation.  
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Gaseous mass fraction curves 
With regard to the intake pipe and elbow, the composition of gaseous substances basi-
cally maintained at 100% in the whole engine cycle. This is because the fuel has not 
yet mixed with the gas. In the carburettor, due to the injection of fuel, the degree of 
vaporization of the fuel affects the gaseous mass fraction directly. The higher the VFF 
is, the higher the overall gaseous mass fraction in the carburettor is. During the intake 
stroke, gaseous mass fraction experiences a steep drop to the lowest point, as the fuel 
is directly injected. Then the value rises, indicating that the unvaporized fuel has va-
porized further. Gaseous mass fractions in the intake port entry pipe and the intake 
port elbow undergo a similar process. It is worth noting that, despite the assumption 
that the VFF is only 0.1, the air-fuel mixture entering the engine cylinder is still with a 
94% gaseous mass composition. 
4.1.2 Under MON Conditions 
Pressure curve 
The overall pressure trend is similar with that under RON conditions. Generally 
speaking, pressure curves of different objects of the intake system do not vary greatly 
with the VFF. In all parts of the intake system, the pressure varies in certain range 
during the compression stroke, the power stroke and the exhaust stroke. The ampli-
tude decreases as crank angle approaches to intake stroke. During the intake stroke, 
the internal pressure in all components of the intake system decreases with small fluc-
tuations. Subsequently, the pressure gradually returns to the initial state of compres-
sion stroke.  
Temperature curves 
The temperature curve of each part of the intake system will also be influenced by the 
VFF to different degrees. In the intake pipe and the intake elbow, the in-pipe tempera-
tures increase slightly during the compression stroke, the power stroke and the ex-
haust stroke. During the intake stroke, the inside temperature decreases first, then in-
creases, and then decreases to the initial state. The impact of VFF is negligible. 
In the carburettor, the effects of VFF can be clearly observed. In the converging pipe 
of the carburettor, temperatures during the compression stroke, the power stroke and 
the exhaust stroke keep increasing. While in the intake stroke, the internal temperature 
drops to a minimum within a short time, and then quickly rises back to the state at the 
very first stage in this stroke, and maintains consistently until the end of the intake 
stroke. The higher the VFF is, the lower the minimum temperature during the intake 
stroke is. In the venturi pipe, the internal temperature fluctuates with a slowly increas-
ing trend during the compression stroke, the power stroke and the exhaust stroke. 
During intake stroke however, the inner temperature drops sharply to the lowest point 
of the engine cycle, then rapidly increases to the state before the intake stroke, and fi-
nally slowly decreases. It is worth noting that in this simulation, when VFF is 1, the 
lowest temperature in the venturi tube is down to about 180K, which is impractical. 
The trend of temperature change in the diverging pipe is similar to that in the con-
verging tube. 
In the intake port entry pipe and the intake port elbow, temperatures inside decrease 
slowly in the compression stroke, the power stroke and the exhaust stroke. While in 
the intake stroke, the temperature in the pipe decreases sharply and rises rapidly to the 
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initial state at the very first stage of this stroke. VFF has a little influence on tempera-
tures here. 
Gaseous mass fraction 
The overall trend of gaseous mass fraction is similar to that under RON test condi-
tions. With regard to the intake pipe and the intake elbow, gaseous mass fractions ba-
sically maintain at 100% during the overall engine cycle. This is because the fuel has 
not yet mixed with the gas. In the carebuttor, due to the injection of fuels, the degree 
of vaporization of the fuel affects the gaseous mass fraction directly. The higher the 
VFF is, the higher the overall gaseous mass fraction of the carebuttor will be. During 
the intake stroke, gaseous mass fraction experiences a steep drop in to the lowest 
point, as the fuel is directly injected. Then this value rises, indicating that the unva-
porized fuels vaporize further. Gaseous mass fractions in the intake port entry pipe 
and the intake port elbow undergoes a similar process. It is worth noting that, despite 
the assumption that the VFF is only 0.1, the gas entering the engine chamber is still 
about 94% gas in composition. 
4.2 Primary Reference Fuels with Different Octane Numbers 
(PRFs) 
For primary reference fuels, the RON is the isooctane volumetric content, while the 
MON is defined as the same as the RON. Therefore, in this section, fuels’ research 
octane number and motor octane number are represented by one grey line in all the 




Figure 22 PRFs: in-cylinder pressures at the timing of spark  
 
Figure 22 illustrates the in-cylinder pressure at the timing of spark of four primary 
reference fuels (PRF100, PRF80, PRF60 and PRF40 respectively) under two test con-
ditions (for RON and for MON respectively). It is clear that with the increase of fuels’ 
octane numbers, the in-cylinder pressure at the timing of spark under two test condi-
tions increase as well. And the pressure under RON test conditions is always higher 
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than the pressure got from MON test conditions. Besides, when octane numbers jump 





Figure 23 PRFs: in-cylinder pressures at the timing of TDC 
 
Figure 23 shows the in-cylinder pressure at the timing of TDC of four primary refer-
ence fuels (PRF100, PRF80, PRF60 and PRF40 respectively) under two test condi-
tions (for RON and for MON respectively). Similar as the pressure at the timing of 
spark, the TDC pressure rises with the rise of fuels’ octane numbers. It is noticing that 
under MON test conditions, as the octane numbers increase, so does the rate of 








Figure 24 explains the in-cylinder temperature at the timing of spark of four primary 
reference fuels (PRF100, PRF80, PRF60 and PRF40 respectively) under two test con-
ditions (for RON and for MON respectively). As the octane numbers of the fuel in-
crease, the in-cylinder temperatures at the timing of spark also rise. However, in this 
instantaneous condition, the change in temperature is slight. Besides, the spark tem-





Figure 25 PRFs: in-cylinder temperatures at the timing of TDC 
 
Figure 25  demonstrates the in-cylinder temperature at the timing of TDC of four pri-
mary reference fuels (PRF100, PRF80, PRF60 and PRF40 respectively) under two 
test conditions (for RON and for MON respectively). The temperature of TDC shows 
the same change trend as spark temperature, that is, the temperature at this moment 
increases with the increase of fuel octane number. Similarly, the temperature at the 







Figure 26 PRFs: in-cylinder burnt mass fractions at the timing of TDC 
 
Figure 26 represents the burnt mass fraction only at the timing of TDC of four pri-
mary reference fuels (PRF100, PRF80, PRF60 and PRF40 respectively) under two 
test conditions (for RON and for MON respectively).As the octane number of primary 
reference fuels rise, the burnt mass fraction rise as well, just the like the trend which 
temperature and pressure show above. Under the RON test conditions, less than 10% 
of the fuel combusts. However, when it comes to MON test conditions, consumed fuel 
fraction can rise up to 43%.  
 
4.3 Primary Reference Fuels with Fixed Ethanol Volumetric 
Content (E20-PRFs) 
In this section, all simulations are implemented only under RON test conditions since 






Figure 27 E20-PRFs: in-cylinder pressures under RON test conditions  
 
Figure 27 shows the pressure simulation results for five fuels (PRF100-E20, PRF80-
E20, PRF60-E20, PRF40-E20 and PRF20-E20 respectively) at two instantanetities 
(spark and TDC, respectively). The pressure of these five fuels decreases under two 
instantaneous conditions generally. From PRF100-E20 to PRF80-E20, the simulation 
results of two instantaneous pressures vary greatly. But from PRF80-E20 to PRF20-




Figure 28 E20-PRFs: in-cylinder temperatures under RON test conditions 
 
Figure 28 illustrates the temperature simulation results for five fuels (PRF100-E20, 
PRF80-E20, PRF60-E20, PRF40-E20 and PRF20-E20 respectively) at two instanta-
netities (spark and TDC, respectively). As with the pressure curves, the temperature 
decreases with the decline of research octane number of fuels. It is worth noting that 
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Figure 29 E20-PRFs: in-cylinder burnt mass fractions under RON test conditions 
 
Figure 29 illustrates the burnt mass fraction simulation results for five fuels (PRF100-
E20, PRF80-E20, PRF60-E20, PRF40-E20 and PRF20-E20 respectively) at the tim-
ing of TDC. Compared with two other parameters, pressures and temperatures shown 
in the first two images, the ratio of burned fuel has the same gradual relationship with 
the octane number of the fuel. In other words, the higher the research octane number 
of the fuel, the higher the proportion of fuel consumed at the timing of TDC. 
 







Figure 30 PRF91-Es: in-cylinder pressuress at the timing of spark 
 
Figure 30 shows the in-cylinder pressure of five fuels (PRF91-E80, PRF91-E60, 
PRF91-E40, PRF91-E20 and PRF91 respectively) under two test conditions (for RON 
and for MON respectively). As the ethanol volumetric content in the fuel increased, 
the research octane number of fuels increases, and the motor octane number peaks 
when the ethanol content is 20%, after which it drops slowly. It is also worth noting 
that when the ethanol content is above 40 percent, the octane numbers of the blend 
flatten out. As for the pressure at the timing of spark, it peaks at 40 percent ethanol 
and then slowly declines as the ethanol percentage increases. Under RON test condi-










Figure 31 demonstrates the in-cylinder pressure of five fuels (PRF91-E80, PRF91-
E60, PRF91-E40, PRF91-E20 and PRF91 respectively) under two test conditions (for 
RON and for MON respectively). Under RON test conditions, the pressure at the tim-
ing of TDC increase with the increase of ethanol content, however, when the ethanol 
content is higher than 40 percent, it rises slowly, which corresponds to the tendency of 
the RON. Under MON test conditions, the TDC pressure curve matches the MON 





Figure 32 PRF91-Es: in-cylinder temperatures at the timing of spark 
 
Figure 32 illustrates the in-cylinder temperature of five PRF91 related fuels (PRF91-
E80, PRF91-E60, PRF91-E40, PRF91-E20 and PRF91 respectively) under two test 
conditions (for RON and for MON respectively) at the timing of spark. Under those 
two conditions, temperatures at the timing spark vary very mildly. The spark tempera-
ture under RON test conditions peaks at ethanol content of 40%, while that under 






Figure 33 PRF91-Es: in-cylinder temperatures at the timing of TDC 
 
Figure 33 represents the in-cylinder temperature at the timing of TDC of five PRF91 
related fuels (PRF91-E80, PRF91-E60, PRF91-E40, PRF91-E20 and PRF91 respec-
tively) under two test conditions (for RON and for MON respectively). Variation of 
temperature at the timing of TDC are more greatly compared with that of tempera-
tures at the timing of spark. Similar as the spark temperature, the TDC temperature 
under RON test conditions reaches to the highest peak when the ethanol content is 
40%, and under MON test conditions, the temperature at the timing of TDC shows a 
decreasing trend with the increase of ethanol content.   
 
 
Figure 34 PRF91-Es: in-cylinder burnt mass fraction curves at the timing of TDC 
 
Figure 34 shows the burnt mass fraction only at the timing of TDC of five fuels 
(PRF91-E80, PRF91-E60, PRF91-E40, PRF91-E20 and PRF91 respectively) under 
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two test conditions (for RON and for MON respectively). Under RON test conditions, 
this parameter increases with the increase of ethanol content, but when the ethanol 
content is higher than 40%, the change becomes milder. As for the burnt mass fraction 
under MON test conditions, it shows a descending trend when the ethanol percentage 
rises.  
 
4.5 TRF91-30 with Various Volumetric Content of Etha-
nol (TRF91-30-Es) 
 
TRF91-30, is this kind of fuel that the research octane number is 30 and the toluene 
volumetric percentage is 30%. When TRF91-30 blends with ethanol, with the increase 
of ethanol content, octane numbers of the mixture do not necessarily increase. For the 
research octane, it always rises if the ethanol content increases, but when the ethanol 
content is higher than 40%, it flattens. For the motor octane number, it reaches to its 




Figure 35 TRF91-30-Es: in-cylinder pressures at the timing of spark  
 
Figure 35 demonstrates spark pressures of 5 fuels (TRF91-30-E80, TRF91-30-E60, 
TRF91-30-E40, TRF91-30-E20 and TRF91-30 respectively) simulation results under 
two test conditions (for RON and for MON respectively). Under the RON test condi-
tions, the pressure at the timing of spark increase with the increase of ethanol content, 
however, when the ethanol content is higher than 40 percent, the pressure does not 
vary too much. As for the spark pressure under MON test conditions, it reaches to its 
highest peak when the ethanol content is 40 percent, which is similar to the tendency 






Figure 36 TRF91-30-Es: in-cylinder pressures at the timing of TDC 
 
Figure 36 shows TDC pressures of 5 fuels (TRF91-30-E80, TRF91-30-E60, TRF91-
30-E40, TRF91-30-E20 and TRF91-30 respectively) simulation results under two test 
conditions (for RON and for MON respectively). Similar as the spark pressures, the 
TDC pressure firstly increase until the ethanol content is 40 percent, then it flattens 
under RON test conditions. While under MON conditions, it reaches to its highest 




Figure 37 TRF91-30-Es: in-cylinder temperatures at the timing of spark 
 
Figure 37 illustrates spark temperatures of 5 fuels (TRF91-30-E80, TRF91-30-E60, 
TRF91-30-E40, TRF91-30-E20 and TRF91-30 respectively) simulation results under 
two test conditions (for RON and for MON respectively). Under RON conditions, the 
spark temperature rises to the highest data when the ethanol content is 40%, then it 
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decreases. Under MON test conditions, however, the highest peak occurs when the 




Figure 38 TRF91-30-Es: in-cylinder temperatures at the timing of TDC 
 
Figure 38 provides information on TDC temperatures of 5 fuels (TRF91-30-E80, 
TRF91-30-E60, TRF91-30-E40, TRF91-30-E20 and TRF91-30 respectively) simula-
tion results under two test conditions (for RON and for MON respectively). Under 
RON conditions, the TDC temperature rises to the highest data when the ethanol con-
tent is 40%. Under MON test conditions, the TDC temperature shows a reducing 








Figure 39 illustrates TDC burnt mass fractions of 5 fuels (TRF91-30-E80, TRF91-30-
E60, TRF91-30-E40, TRF91-30-E20 and TRF91-30 respectively) simulation results 
under two test conditions (for RON and for MON respectively). Under RON condi-
tions, the burnt mass percentage peaks when the ethanol content is 40%. And under 
MON test conditions, less mass is consumed with the rise of ethanol content at the 
timing of TDC.  
 
4.6 The Density of Indolene  
 
The density of indolene is 750 kg/m3. In this section, the density of indolene is manu-




Figure 40 When the density of indolene changes: in-cylinder pressures at the timing 
of spark 
 
Figure 40 shows pressures at the timing of spark of simulation results of indolene 









Figure 41 represents pressures at the timing of TDC of simulation results of indolene 




Figure 42 When the density of indolene changes:  in-cylinder temperatures at the tim-
ing of spark 
 
Figure 42 demonstrates temperatures at the timing of spark of simulation results of 





Figure 43 When the density of indolene changes: in-cylinder temperatures at the tim-
ing of TDC 
 
Figure 43 illustrates temperatures at the timing of TDC of simulation results of indo-






Figure 44 When the density of indolene changes: in-cylinder burnt mass fractions at 
the timing of TDC 
 
Figure 44 shows the burnt mass fraction of simulation results of indolene with vari-
ous density under two test conditions (for RON and for MON respectively). 
 
The above five graphs show that both the pre-combustion conditions on instantaneous 
spark and the combustion conditions on instantaneous TDC remain stable when the 
density of indolene changes. 
 




Figure 45 When the HoV of indolene changes: in-cylinder pressures at the timing of 
spark 
 
Figure 45 shows pressures at the timing of spark of simulation results of indolene 
with various heat of vaporization under two test conditions (for RON and for MON 
respectively). Under RON test conditions, the pressure at the timing of spark increases 







Figure 46 When the HoV of indolene changes: in-cylinder pressures at the timing of 
TDC 
 
Figure 46 represents pressures at the timing of TDC of simulation results of indolene 
with different heat of vaporization under two test conditions (for RON and for MON 
respectively). Under RON test conditions, the pressure at the timing of spark increases 
noticeably as the HoV increases. However, under MON test conditions, the TDC 




Figure 47 When the HoV of indolene changes: in-cylinder temperatures at the timing 
of spark 
 
Figure 47 demonstrates temperatures at the timing of spark of simulation results of 
indolene with various HoV under two test conditions (for RON and for MON respec-
tively). Under RON test conditions, the temperature at the timing of spark shows a re-
ducing trend as the HoV increases. However, under MON test conditions, the spark 






Figure 48 When the HoV of indolene changes: in-cylinder temperatures at the timing 
of TDC 
 
Figure 48 illustrates temperatures at the timing of TDC of simulation results of indo-
lene with various HoV under two test conditions (for RON and for MON respec-
tively). Under RON test conditions, the temperature at the timing of TDC shows a re-
ducing trend as the HoV increases. While the TDC temperature does not change when 




Figure 49 When the HoV of indolene changes: in-cylinder burnt mass fractions at the 
timing of TDC 
 
Figure 49 shows the burnts mass fraction of simulation results of indolene with vari-
ous HoV under two test conditions (for RON and for MON respectively). Under both 
of the test conditions, the burnt mass fraction does not react to the change on HoV 







In the intake system, the pressure maintains steady in the stroke of compression, 
power and exhaust, but experiences a downward fluctuation before slow returning to 
the initial state in the intake stroke regardless of operation conditions and vaporized 
fuels fraction upon the injection. The gaseous mass fraction undergoes a noticing drop 
in the carburettor and intake port during the intake stroke due to direct fuels injection 
to the carburettor. Regardless the vaporized fuels fraction upon the injection, the gase-
ous mass fraction of the air-fuel mixture entering to the cylinder can be kept at least 
around 94%. Temperature in the intake system can be manipulated by the vaporized 
fuels fraction upon the injection in the carburettor. In the venturi pipe where fuels are 
injected, the temperature experiences a dramatic drop due to fuels evaporation.  
In generally, in-cylinder pre-combustion conditions become more severe with the in-
crease of a fuel’ octane number. In another way, the in-cylinder pressure and tempera-
ture become higher when a fuel’ octane numbers are higher.  For one group of se-
lected fuels, if octane numbers vary a lot from case to case, the simulated in-cylinder 
pre-combustion conditions also vary much. In addition, with slight variation of octane 
numbers within one group of fuels, in-cylinder pre-combustion conditions do not 
show much variation as well.  
The in-cylinder temperature under MON test conditions is always higher than that un-
der RON test conditions, regardless the timing. As for the in-cylinder pressure, it is 
always lower under MON test conditions at the timing of spark. And at the timing of 
TDC, the in-cylinder pressure shows a complex tendency.  
When a fuel is blended with ethanol, octane numbers of the mixed fuel increase with 
the increase of volumetric percentage of ethanol generally. However, the 40% of etha-
nol content point is special based on results. When PRF91 is mixed with ethanol, the 
RON of mixed fuels increases very slightly when volumetric content of ethanol is 
higher than 40%, the MON even starts decreasing when volumetric content of ethanol 
is 40%. Similar trend happens on blended fuels of TRF91-30 and ethanol, the RON of 
mixed fuels shows little increase when volumetric content of ethanol is higher than 
40%, and the MON begins to drop when volumetric content of ethanol is 40%. In-cyl-
inder pre-combustion conditions show the same tendency as octane numbers with the 
change of fuels’ ethanol percentage.  
The density of a fuel has very little influence on in-cylinder pre-combustion condi-
tions. In-cylinder pre-combustion conditions barely change with the increase of den-
sity of selected surrogate fuel of gasoline.   
The HoV of a fuel affect the in-cylinder pre-combustion conditions to some extent. 
Under RON test conditions, at the timing of spark, the in-cylinder pressure increases 
slightly with the increase of HoV, and the in-cylinder temperature drops noticeably 
when the HoV rises. At the timing of spark, in-cylinder pressure and temperature 
show the same trend. Under MON test conditions, in-cylinder pressure and tempera-





6 Discussion and Future Work 
 
In this master's thesis study, the author successfully established the CFR engine mod-
ellings based on RON and MON conditions, with the help of Gt-power. Three kinds 
of fuels are attempted to simulate on created modellings, and the simulated results are 
validated with experimental data from references [51] The validation results show that 
the simulation results match well with the experimental data from the references [51]. 
Therefore, to a large extent, the CFR engine modellings established in this research is 
credible. Simulation results based on these two models are also reliable.  In addition, 
although the study does not involve knocking onset and detailed chemical reaction 
mechanism of in-cylinder combustion, simulated pre-combustion conditions can be 
referred as boundary conditions for further two-dimensional modeling work. At the 
same time, there are still many limitations in this study. 
 
First, as mentioned in the introduction section of this thesis, studies on pre-combus-
tion conditions of internal combustion engines are very rare. There is basically no data 
on pre-combustion conditions of engines that can be compared or validated. In the 
process of literature study, although a large number of studies on the knocking ten-
dency of internal combustion engines are discovered or investigated, these literatures 
did not clearly indicate the pre-combustion conditions and detailed data on the pre-
combustion conditions. After the engine model are established, even though the au-
thor validate  the simulation results, within a limited time, the author only find three 
kinds of fuels that could be validated, and the experimental measurement data from 
the references [51] is only the pressure curve under the condition of RON. If more ad-
equate experimental data are available, the validated results would be more convinc-
ing. 
 
Second, in this study, in order to establish the engine model, the engine related are not 
from measurements, but "pieced together" from various literatures. The geometric pa-
rameters of engine cylinder are from D2600 [37] and D2700 [38] In the fuel system, 
geometric data for each component is obtained from [16]. These obtained data are 
compared with data from [51]. Moreover, the data about valve and xx are also from 
[51]. Therefore, the engine modellings established in this study deserve more correc-
tion and modification. 
 
Third, the fuel system setting of CFR engine modellings has been greatly simplified. 
In this study, the heat transfer parameters of the tubes in the fuel system are all from 
the default settings in Gt-power. And those input parameters cannot be modified for 
actual situation since the absence of data sources.  In the process of simulation, when 
the 'vaporized fuel fraction' in the injector (it indicates the proportion of vaporized 
fuel when the fuel is injected to the venturi) is set to less than 50%, the lowest temper-
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Intake System Conditions under RON Conditions 
 
Figure 50 Temperature variation in the intake pipe under RON conditions 
 
Figure 51 Temperature variation in the intake pipe elbow under RON conditions 
 



















Figure 56 Temperature variation in the intake port elbow under RON conditions 
 
 
Figure 57 Pressure variation in the intake pipe under RON conditions  
 




Figure 59 Pressure variation in the converging pipe in the carburettor under RON con-
ditions 
 
Figure 60 Pressure variation in the venturi pipe in the carburettor under RON condi-
tions 
 





Figure 62 Pressure variation in the intake port pipe under RON conditions 
 
Figure 63 Pressure variation in the intake port elbow under RON conditions 
 




Figure 65 Gaseous mass fraction variation in the intake elbow under RON conditions 
 
Figure 66 Gaseous mass fraction variation in the converging pipe of the carburettor 
under RON conditions 
 





Figure 68 Gaseous mass fraction variation in the diverging pipe of the carburettor un-
der RON conditions 
 
Figure 69 Gaseous mass fraction variation in the intake port pipe under RON condi-
tions 
 







Intake System Conditions under MON Conditions  
 
Figure 71 Temperature variation in the intake pipe under MON conditions 
 
Figure 72 Temperature variation in the intake pipe elbow under MON conditions 
 





Figure 74 Temperature variation in the venturi pipe of the carburettor under MON 
conditions 
 
Figure 75 Temperature variation in the diverging pipe of the carburettor under MON 
conditions 
 




Figure 77 Temperature variation in the intake port elbow under MON conditions 
 
Figure 78 Pressure variation in the intake pipe under MON conditions 
 




Figure 80 Pressure variation in the converging pipe of the carburettor under MON 
conditions 
 
Figure 81 Pressure variation in the venturi pipe of the carburettor under MON condi-
tions 
 






Figure 83 Pressure variation in the intake port pipe under MON conditions 
 
 
Figure 84 Pressure variation in the intake port elbow under MON conditions 
 




Figure 86 Gaseous mass fraction in the intake pipe elbow under MON conditions 
 
Figure 87 Gaseous mass fraction in the converging pipe of the carburettor under 
MON conditions 
 





Figure 89 Gaseous mass fraction in the diverging pipe of the carburettor under MON 
conditions 
 
Figure 90 Gaseous mass fraction in the intake port pipe under MON conditions 
 
 
Figure 91 Gaseous mass fraction in the intake port elbow under MON conditions 
